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ABSTRACT
The- spectrum,.. 8000-2700$, emitted during the combustion of p e lle ts  of 
the pyrotechnic illumination compositions Mg/M.CNO^ )^ , where M -  Ca, Sr, Ba 
was studied qualitatively as a function of ambient pressure and of height 
in the flame. • High speed (^700pps) films of some flames,were also made..
In the, spectrum from the base of flames at higher ambient pressures 
spectral lin es and bands of wavelength longer than kOOoR were in emission, 
superimposed on a continuum; below O^OOS, discrete spectral features 
occurred only in absorption against the flame continuum1. This phenomenon 
i s  readily explained by the . wavelength dependence of the emissivity of ’ •- 
the condensed oxide particles which emitted the continuum. The particle  
temperature may have been higher than the flame gas temperature.
The combustion of Mg/PTFE p e lle ts , containing 30 to 60 per cent 
weight fuel,, was also investigated. The flames from these p e lle ts  showed 
a clearly defined reaction-zone- which was characterised, at low ambient 
pressures, by emission of the Swan C^  bands. At 20 torr the flame was 
separated from the p e lle t and the p e lle t 's  surface was covered with ;V ' 
pinheads of lig h t.
The shape of the burning-time/ambient pressure curve (760-20 torr) 
for Mg/PTFE p e lle ts  depended on the formulation, the PTFE particle size  
and, at the,lowest ambient pressures, on the ambient atmosphere. ■ For 
most compositions.,, an intermediate region was found, in which, the 
burning-time decreased with decreasing pressure.
The extent of the overall Mg/PTFE combustion reaction decreased v: 
with pressure below 100 torr.
These observations are consistent, with the: postulate.that surface 
fluoridation of metal particles occurred on the surface of burning Mg/PTFE 
p e lle ts  and that th is reaction, which is  assumed to have a slow in it ia l  - 
step, controlled the burning-rate at pressures le ss  than 100 torr.
"One may. ask why I have delayed so long to bring th is work to 
lig h t. .. The reason is  that I had written i t  quite carelessly
in the language in which you now see i t  (French) with the intent 
of translating i t  into Latin, being thus able to pay more attention  
to the subject matter--,.. . . . . .  However, - the pleasure of novelty
being past, I have delayed time and again the execution of th is  
design, and I do not know when I shall be able to fin ish  i t ,  being 
so often diverted by business or by some new study.. Considering - 
th is , I have finally; judged that.;it would be better to le t  the, work 
appear such as i t  i s ,  rather than run the risk, by waiting s t i l l  
longer, of lettin g  i t  perish altogether." '
- CHRISTIAN HUYGENS
Preface: "TREATISE ON LIGHT"(1690)
;■ ■ ■ (Translation by Peter Wolff,'
/  /  • S ignet Books, 19.65)
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INTRODUCTION' yV* 7+-^7 y - ' i y , , * ■:
Most pyrotechnics consist of a fuel and an oxidant, intimately ;
mixed as powders, and compressed to form a cylindrically-shaped • ' '
p e lle t . The sides and base of the p ellet are either lacquered or - ]
encased with cardboard or metal so that, when ignited at the top,
/the p ellet burns steadily in a cigar-like fashion. If the pyrotechnic ’
i s  primarily intended to produce ligh t -  a ”signal flare” or /7  -
”illumination composition” - the fuel is  usually a metal such as '.V y v,r. ■ , I
magnesium. -.'• The metal is  oxidised- by the decomposition products of - -' ' ■ ■ |
the oxidant and a brightly luminous flame- ex ists above the regressing .. .. ■ ?;
surface of the p e lle t . Illumination flares are currently of use in, v |
for example, night photography, visual tracking of rockets and air-sea |
rescue signalling. .7 ; * ’ ' ')VyV. ’ ;
Tv- To-the basic composition other ingredients are added: to give ay-’ V''
particular colour to the flame, to protect the metal fuel from slow . ; • r4
surface oxidation, to bind the mixture together, to modify the rate /-/ '\y7
of combustion, to control the flame temperature, or, by producing 
gaseous combustion: products, to increase the flame s ize . One; additive --Vi
frequently gives several of these e ffects simultaneously. '< j
A small amount of a priming composition is  usually compressed onto yy- %
the top of the p e lle t . The primer is  a reactive mixture;requiring 
l i t t l e  energy for i t s  ignition; the h ea t.it  produces ign ites the main ,;j
composition. Pyrotechnic compositions are themselves used to ignite  
solid  rocket propellants. • •
The present work is  concerned with two types of illumination 
composition. They are basic binary mixtures , -both with magnesium as / ;
fuel; as oxidant one type has the nitrate of either calcium, strontium -7 '
or barium, the other has polytetrafluoroethylene (PTFE or ’’Teflon”) . • './•••-
The overall reactions, for stoichiometric proportions of fuel, and 7 ■;*" ’ 4
oxidant,! may be taken,- respectively, as ■ q
7 5Mg + M(N03) 2 5MgO + MO + N2; - f  V ' - 7 . -i
...\ ... nMg + (-CF2_)n-~^  nMgF^  + nC; y ,/7yy *?.V
with M s-Ca, Ba. • -• . y 7yyi7y \ ' j p  -
The Mg/Ca(NO )^  ^ composition has not been previously made. ,yi,
• v.- ■ ; z ' 
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The thesis is  divided into three parts. The available literature  
on pyrotechnic flames, on the high temperature oxidation of magnesium/ ' 
and on some other, relevant topics are'.reviewed in chapters•lit o 3*  ^•/+;:>/ 
D etails of the equipment used are given in chapter 4. ' • -3; / /  7
‘Chapters 5 and 6 report the results of a survey of the (qualitative)
spectra emitted by Mg/MCNO^ )^  flames, together with observations of the
flames by high-speed photography. This work was undertaken as a f ir s t  
step towards reliab le (optical) measurements of temperature on these 
systems. Temperature and temperature distribution are fundamental to - 
the description of a flame, but the measurements, reported in the
literature, of temperatures in Mg/MCNO^ )^  flames.were not considered
t.o be entirely satisfactory because these measurements were made on-..:-; 
flames whose structure, - for example, the location of the reaction- . 
zone, - and aerodynamic sta b ility  were only partially known; thus, ' 
the factors influencing temperature measurements were not fu lly  ■
appreciated. It was thought, therefore, that a survey of the spectra 
would be of- use, not only in identifying the species present in various 
parts of the. flame, but also, i t  was hoped, in identifying at. what 
points in the flame the primary combustion reaction takes place. High­
speed photography would also give information about the spatial structure 
of the flame, and about the sta b ility  of the flame. In general, i t  was,/' 
fe lt  that the present approach would provide a basis for selecting the ' 
most suitable (method of temperature measurement. /• / /- • ■ 1
The flame spectra could also be of interest in the wider context 
of combustion spectroscopy. For example, banded spectra from emitters 
containing alkaline-earth metals, and continuous spectra from small 
oxide particles are topics currently of importance in other fie ld s .
Chapters 7 to 10 of the thesis report work on Mg/PTFE flames. /  - 
There was;no published work on these flames.: It was considered
necessary, therefore, to measure burning-rates, heat of reaction and 
extent of reaction for these compositions, in addition to studying:/' 
th e .flame structure by spectroscopy and photography. In a l l ,  over 
five hundred spectra and several thousand feet of cine-film  were;;,,,./:;, 
examined in the.course of the experimental work reported in chapters 
5 and 7- ~;Y \  * ... •* * 2 •' v
% v,
.. ; - 
H.
. j V 5 fc 3: V- . _ ,, . ' /■ '-...fc " 7 ,
■ .? /: /,-/ /-V’vV/'/ /' *■' '■ • F- x ’( 7 ...v'*;; ... 7 v. / T';:{■ v:0 'V-;-;. 'fc/l/r,,,.'
•There are five appendices giving some calculations or' experimental 
procedures which i t  would not have .been appropriate to include in the -TO 
main text. •" -f. 7 TO' '7,. ’ ’ '■ ' - .. ‘ ' , 7  7 TO. TO TO
Note ;on Units 7 / “-TO ’* TO 7 ’ ‘ .TO- r
The work reported here was carried out before the general introduction 
of the Systeme Internationale (S .I .)  units. Accordingly, the resu lts are 
given in the units which were then in common use. 7  TO. TO- 77 .>7
7 ' Since the flares used'for the present work were nominally one inch 7 
in length, i t  was more, convenient to.measure the burning-time, seconds 7 
per inch, rather than the linear burning-rate, inches (or centimetres) '
per:second. The burning-time is  commonly-used in practical pyrotechny 
because i t  gives at once the duration of a flare of given length. ...
However, in heat transfer calculations i t  is  more usual to use the 
linear burning-rate since th is can be directly related to the mass 
burning-rate, grams per second, if. the cross-sectional area and. the 
density of the pellet, are: known. - “' 7 • \ ■ 7 / : V"
LIST OF SYMBOLS
Symbol Quantity Units
a Area of cross-section 27, - ' • -fcm
A21
-•/Einstein's transition probability for • 
spontaneous emission (state 2. to state 1 ) s.. • /;;••.
b : "7. -Rate constant for first-order reaction -1 •s • •
B '7  . ’ •• Linear burning-rate cm s" 1 . . 7,7.
®i2 - -■?;
: E instein’s transition probability for 
absorption
"1 -TO . t * * ‘ f, « L * *
TO - 1 ' ' " ”• ’’-TOcm g ,yy
\ 7  X Spectral radiance at frequency v /
- -2 ” -1 ■ v - -  W cm i sr Hz
Bbb(T) •Spectral radiance at frequency v ,  of a blackbody at temperature Ty . . 7- ' W cm” ^  :sr~,/| Hz’"?
C Velocity of ligh t in vacuo: 2-988.10 , -1 TO cm-s ■ . - / T O /
c Mean, velocity (gas kinetic theory) ' y -1 > " T O :-cm s
cP 7y • Specific heat per gram at constant' pressure
-1 0^-17 '  cal g K .
c *■ Vt. •• Specific heat per gram at constant volume
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.Ratio of.a  p artic le 's radiation absorption . 
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sect ion.' : .y- ’ - • .
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Ratio of scattering cross-section.to. 
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d ’ Distance cni 77:;/ ‘7 y
D TO, D iffusion. coefficient - / ' 2 -1 7y/;:-'cm .; s •* • ■ ;► ...
e 7- ;/7 ■; Electronic charge: 4*80298.10 Qy esu to;; -
E EnergyActivation energy to
■ .ergs / "7 :y . ; 
t cal moler y.;../ •.
f  c - ; ‘ Weight .fraction of a component in a y  ; composition y /■ TO; '-.7 _y
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Ah
1$ ,
r£
v
i
k
K
KP
L
m
m ■ 
m'
m ;
n- ' 
n r
n1
n2
P
P
4
Q
r;
R
Planck constant:
Heat of reaction
6 *6256. 10”
.10
-27
3#
oT,
erg s 
J s
cal g-1
Standard enthalpy at T K 
Standard heat of reaction at T WK 
Standard heat of formation at T °K 
Radiation emission- coefficient
V~1 •■T'-yV . ‘
Boltzmann constant: 1*3805.10,
Extinction .coefficient (for radiation). - 
per unit path length ; , ‘ * ‘ .
Equilibrium constant Tin .terms of partial 
pressures) for chemical reaction
Length
Mass
Mass burning-rate 
Complex refractive index 
Molecular weight- ,
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Number of moles 7';.’ ; ;- - • ■ •
Real part of refractive index . \  f
Imaginary part of refractive index ■ 
Partial pressure \7-y--' ‘
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Rate of heat release 
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Collison cross-section ■ ‘
cal raole”  ^
-1cal mole
cal mole”  ^ , ;
77 s-+ 37 -1  to?IW cm sr Hz - -
0.7-1  ergs K
cm-1
cm
-1g s 
•  “• •?;'
amu
- 3cm
mole
v
atm 
torr 
cal s 
cal 
cm
-1
cal °K" 1 mole
cm.
-1
Cross-sect ion' for optical: absorption -
Cross-section for optical scattering
\ ; •’ • ' v;
( = s + s ) . .Total optical cross-
. '■ /  ‘I; section.
T i m e /,/••. ■ 
Temperature
Velocity ,
Mass concentration • .. .
Ratio of particle;diameter- to wavelength 
of incident radiation • , v X’
Mole fraction of 0  ^ in a mixture
C ollision frequency
Degree of ionisation  
Thermal d iffu siv ity  ( = — )
\  ; °P : '
C ollision efficiency  
Emissivity ' •
.Thermal conductivity 
Wavelength j;..
Mean free path 
Reduced mass 
Dehsity ;3
-1 2  1Stefan constant: 5*6697-10 ■v--/
First-order scattering integral 
Second-order 11 11
-  15 -
a . Z<■: LITERATURE SURVEY: .PYROTECHNIC FLAMES
1 - 1 . Introduction
The manufacture of pyrotechnics goes back, as an empirical 
art, to at least the eighth century A.D. (1 ,2), but the system atic'-' 
study of the complex physical and chemical factors governing the y ., 
combustion of a pyrotechnic composition is  of very recent origin.
The published work on pyrotechnic, reactions i s  .broadly; of 
two kinds, the f ir s t  concerned with the slow reactions that take:./ 
place in the solid  state and with factors leading to ignition of 
the composition. Thermogravimetry, d ifferentia l thermal analysis K ,:v ■ 
and ’’time to ignition" measurements are the.most important techniques 
for th is kind of work. Secondly., there are spectroscopic studies.;?' 
of the flame. This type of work has, in general, been biasedfyy ■ 
towards understanding the factors which determine the production' y;-' 
and the purity of colour in illumination flares. This Second 
group of publications has most bearing on the objectives of the 
present work and is  reviewed in th is chapter. However., the 
available data on the burning-rates of pyrotechnic p e lle ts  is  also 
discussed and th is introduces, some of,the f ir s t  group of publications,
1-2. Flame, Species.and Reactions 
1-2.1. Colour Production
Barrow and Caldin.(3) have claimed that most of the v isib le  
ligh t from typical pyrotechnic flames comes from a limited number 
of atomic or diatomic emitters. Flames of different colours are 
produced by exciting appropriate band systems:- . v yl.;/.'; y .-'y-:
blue flame: CuCl system #200- 1
green flame: BaCl system 5050-5350$;
yellow flame: Na D-lines and.associated continuum;,
red flame: SrCl and SrOH 60p0-7000$v > 7 -
White ligh t is  obtained by.exciting an-extensive band system such 
as BaO- .or by suitably, blending the emission from SrCl y
CaCl (yellow) and BaCl (green) i; . y-;: \’y . ‘--yyy-
- 1 6  -
v>
The Mg/BaCNO^ )^  compositions with the addition of some . 
chlorine-containing compound such as polyvinylchloride (PVC) 
or KCIO^  are used to give green flames. Good green production 
i s  achieved (4) only i f  the effective emitting temperature 
(defined in section 2-3*1) of the flame is  le ss  than 2300°K:
Douda (4) found that the ratio of the intensity of the green 
BaCl bands to that of the BaO bands decreased.with increasing 
temperature so that the green colour becomes diluted with the 
nearly white light from, the BaO bands (and also with Continuous 
blue radiation). Organic compounds such as stearic acid or 
linseed o il are added to the composition in order to reduce the 
flame temperature. y
Douda ( lo c .c it .)  also observed that PVC as a chlorine
donor in an Mg/BaCNO^ )^  flame produced' a superior green than with
KCIO^  as donor. He explained th is by assuming that the dissociation
energy of BaCl was approximately equal to that of KOI (100 kcal. mole
so that both-K and Ba atoms competed for chlorine in flames from
/compositions containing KCKb; on the other hand, the C-Cl bond
■ • .7 y,energy in PVC is  only 78 kcal mole so that only BaCl was formed
when PVC was the donor. Douda pointed out that the substantial
BaCl baiid emission at temperatures as high as 2200°K was consistent
_1 ’{7
with a dissociation energy of 100 kcal mole for BaCl, rather
—1than 62 kcal mole as given by Herzberg (5)*’
The molecule BaOH also emits at green wavelengths ’and ■ 
such emission-was thought to be present in the flames mentioned
above (see also section 1-2.3)* Since the BaOH.molecule has a
-1  -s TO - ’todissocation energy of 107 kcal mole , emission from i t  would TO 
also decrease at temperatures above 2300°K approximately.
"Emission from BaOH. at 4870 and 5120.lt was found by Douda 
et a l. (6) to be the major light-producing species in simple 
Mg/Ba(N0^)2 flames without additives. (The hydrogen came from 
the binder). Similarly SrO/SrOH bands at 5930 and 6050S were 
found to be the most important light-em itters in Mg/SHNO )^  ^
flames. Although MgO green bands occurred in the spectra of TO 
both flames, they made only a minor contribution to the luminous
output. .The only strong atomic lin es observed were the . .
resonance lin es of Ba and Sr respectively and these lin es were •
not appreciably broadened or reversed. ' '
On the other hand, the major light-producing feature in 
magnesium/alkali-metal-nitrate flames was said (Douda et al; 
lo c .c it .)  to be continuous radiation. In particular, the 
continuum associated with the Na D-Iines dominated the, spectrum 
emitted in the v isib le  region by.Mg/NaNO  ^ flames, (see section 1-2.3)« 
No banded emission due to alkali-metal oxides were observed in  
Mg/MNOyTlames (where M ~ Li, K, Na, Rb, Cs) but a l l  the atomic-' . ;
transitions ;;of the alkali-metal in the range 9000-4500A° were / :
observed. =• / . .  / - . . -• •'
The luminous powers, /of flares containing nitrate were. -
found (7 ) to be in the order: .. " > / -  . V - c : *
Mg/NaNO^  >Mg/Ba(N0^)2 >Mg/Sr(N0^)2 •
Taylor (7) has shown that the illumination produced by • . •. 
these flares; decreases approximately linearly,with ambient pressure 
(increasing a ltitu d e). . , - . . ' r‘ .. v'/'-.
1-2.2. Effect of Chlorine Compounds on Flame Radiation
A spectral continuum, partly due to condensed MgO particles  
in the flame, underlies the lin e or band emission features. -. -2.>-'
Shimizu (8) noted that th is continuum was le ss  •'intense : in a 
Mg/NH^ CIO^  flame than in a Mg/KClO^  flame. He demonstrated that
HCI gas was liberated in the former whereas neither HCI nor ";' 
gaseous Cl2 were produced in the la tter  flame. He therefore suggested 
that HCI reacted with condensed MgO to form gaseous' MgCl and on 
th is assumption assigned bands at 6165S and 6196-2 , which were 
present only in the Mg/NH^ CIO^  flame, to the MgCl molecule •••*_
(Neither Pearse and Gaydon (9) nor Herzberg (10) l i s t  MgCl bands 
at these wavelengths). > - _ t r i .  - ■
The intensity of the continuum in a Mg/Ba(N0^)2 flame was 
found to decrease i f  10 per cent by weight of either PVC or-:-;
NH^ Cl were added to the basic composition. (Shimizu, lo c .c i t . ) .
p
-  18 -
Reaction of condensed MgO with either HC1 (from PVC) or with 
Cl^ (from NH^ Cl) was again postulated as the cause of the 
intensity reduction. (HC1 was the more effic ien t in decreasing 
the intensity)
However, Shimizu pointed out that the additives reduced 
the brightness .temperature of the flame by some 500?K and th is  
would decrease the continuum intensity. At the-same time, i f  
the MgO particle concentration were decreased by reaction with 
HC1 or Cl^, the emissivity of the flame, and therefore the ;
brightness temperature, would be lowered. To disentangle these 
effects , Shimizu attempted to measure the MgO particle concentration 
directly using a light-transmission.technique, but the experiment 
proved inconclusive. Nevertheless, the postulated conversion 
of condensed MgO to gaseous MgCl seemed to be verified, by the 
observation that the addition of 10 per cent by weight of shellac 
to the basic Mg/Ba(N0^)£ composition also reduced the brightness 
temperature of the flame by 500°K but did not reduce the continuum 
intensity as much as the PVC additive did. It is  conceivable that, 
because of the extensive band system due to the BaO molecule, some 
radiation, from gaseous BaO was included in Shimizu's measurement 
of the continuum intensity.
The presence of chlorine in a Mg/Ba(N0^)2 flame was found 
by Douda (4) to reduce not only the. BaO band intensity at 
temperatures below 2300°K (see section 1-2.2) /but also to reduce 
MgO band emission and-Ba line emission. Douda .postulated that 
Cl atoms might have promoted formation of BaOH through the three­
bodied processes:
Ba + OH + Cl —► BaOH + Cl ■ .y . -
BaO + H + Cl ■» - BaOH + Cl
These reactions are analogous to that reported by Reid and Sugden (10) 
as the most lik ely  method of production of electronically excited 
BaOH in hydrogen flames. However, because of overlapping BaO 
and BaCl bands, Douda could not identify positively  BaOH bands 
when chlorine was present in the Mg/Ba^O^)  ^ flame.
1-2.3* Spectral Continua due to Alkali-metal Atoms
In addition to the oxide spectral continuum, Shimizu 
( lo c .c it .)  has suggested the presence of a weak ultraviolet 
continuum due to K atoms in flames from Mg/KNO^  and Mg/KClO^ .
Douda et a l. (6) have observed a spectral continuum, extending 
from 4700X to the v io le t, in flames of Mg/MNO^  (M = Na, Li, Rb, Cs). 
They suggested that th is arose from 'the-associative process 
postulated by James and Sugden (11):
M + OH ~ MO H  + hv TOto-TO
A continuum, extending several hundred'-Angstroms to 
either side of the Na D-lines emitted from Mg/NaNO^  flames was 
noted by Barrow and Crawford (3) and by Douda et a l. (4). The 
la tter  found a similar continuum to be associated with a ll  
alkali-metal resonance lin es in Mg/MNO^  (M = alkali-metal) 
flames. Ya’akobi (12) has observed a comparable broadening 
of the Li resonance lin e in the spectrum emitted by an exploding 
lithium wire, and has pointed out that, in sources containing a 
high density of an alkali-m etal, the width of the resonance lin e  
i s  often several orders of magnitude greater than that predicted 
by conventional theories (13) of collisional. broadening.
Douda and Bair (14) measured the intensity of the D-line 
continuum emitted by the Mg/NaNO^  flame and attempted to explain 
the results on the basis of radiative transfer theory as formulated 
by Hummer (15) and:Hummer and Rybicki (16). The physical mechanisms 
upon which th is approach.to lin e  broadening is  based, are as follows 
(15)* Collisional excitation of Na atoms creates D-line photons 
in the interior of the flame. On i t s  way to the flame boundary, 
a photon is  absorbed and re-emitted many times. At each 
such scattering the photon can undergo a slight change of frequency. 
Photons whose frequencies are shifted away from the centre frequency 
•of the line have a higher probability of ultimately emerging, from 
the flame. This is  because the opacity of the flame is  le ss  in  
the wings of the lin e so that photons with frequencies away from 
the centre frequency are absorbed le ss  often and therefore have 
le s s  chance of being reconverted into kinetic energy by co llis ion a l 
de-excitation of the absorbing atom. The tota l effect has been
-  20 -
described (15 ) as diffusion into the wings of the lin e of 
photons created near the lin e centre; the wings of the lin e  
are enhanced while the lin e centre is  reversed.
The broadening observed in pyrotechnic flames was 
greater than that normally treated by radiative transfer 
theory, but Douda and Bair ( lo c .c it .)  were able to f i t  the 
observed D-line intensity to th e■theory by suitable choice 
of three parameters. These parameters were the optical 
thickness, the rate of co llision a l de-excitation and the. . »  v r
Voigt parameter (ratio of Lorentz to Doppler half-widths).
They .showed that the values of .these parameters required 
for agreement were reasonable. They pointed out that their  
theoretical model would be improved i f  i t  took account of the 
(horizontal) temperature gradient that existed in the actual 
flame.
1-2.4. Disequilibrium in Mg/Ba(N0_Q ^  Flames
The composition Mg/Ba(N0 )^  ^ has:also been studied by 
Clarke (17)* He found that, when a composition containing 
fuel in excess of the stoichiometric amount was burned in a 
bomb calorimeter f i lle d  with argon, the excess fuel reacted 
with nitrogen from the nitrate to form Mg^ N^ .
For normal combustion in atmospheric air, the species 
identified  spectroscopically in Mg/Ba(N0^)2 flames were gaseous 
MgO and BaO together with the neutral atoms Mg and Ba. Clarke 
showed that the intensity of the Mg 4571$ "forbidden” lin e  at 
any point in the flame was a function.of the temperature 
measured by a thermocouple at that point, and of the fraction  
of metal in the composition. From his spectral intensity  
measurements he calculated the heat of the reaction
Mg(g) + 0(g) —► MgO(g)
using the Van*t Hoff equation and found i t  to differ considerably 
from the accepted value.
He therefore concluded that thermal equilibrium between, 
the species in the reaction equation could not account for the 
concentration of atomic Mg in the flame. He claimed that his 
measurements were consistent with a f ir s t  order rate process 
in which the driving force was the concentration;of gaseous 
Mg in excess of the" thermal equilibrium value. - ' 7 ; TO; TO77 .7//,.^
Such a state of equilibrium would be important in .7>77- TO:" 
spectroscopic temperature measurements. Clarke's deductions, 
however, cannot be accepted uncritically: his flame temperatures, 
measured with a thermocouple , are probably too low by .several. . 
hundred degrees, (see section 2-4). Moreover, he assumed that, 
a t' equilibrium, a negligible fraction of gaseous MgO was 
dissociated but, according to Yudin and Karklitt (18), th is : ■
is  not true: for example, / at 2500°K, the partial pressure of 7 TOTO .
; MgO(g) arid Mg' in equilibrium' with .solid MgO are-1*4.10 ^ and/ /  
1*7*10 atm respectively. ' - '• ■ TO TO.: /. •'
1-2.5* Zirconium Flames :7r - ..
In contrast to the postulated disequilibrium! in th e/'7TO77TO 
- Mg/Ba(N.O^ )2- flame, complete oxidation of zirconium in a TOtoTO'TO/.I 
zirconium/inorganic nitrate flame has been, shown to occurs >77. 
within 5cm of the p ellet surface by Williams (19) who quenched- . 
the reaction products in liquid nitrogen. He also reported that •: 
the high temperature forms of ZrO^  (cubic and tetragonal) reverted 
to the lOw-temperaturevmonoclinic form at 10cm from the surface!• 
The oxidation mechanism of zirconium is  not, of course,, expected,7 
to be the same as that of magnesium, as w ill be discussed la ter . 
Moreover, 5g of Williams' composition, in the form of a 0*5in 
diameter p e lle t, had a burning-time of only 150 ms, which is  some] 
’20 times faster than the, compositions studied by Clarke (17). l-/5
The emission spectrum from the zirconium flame, observed 
at a point just-above the surface of the p e lle t , had: ZrO>> 77 
infra-red emission “ bands ,/■- visible-region lin es of atomic Zr . 77!" ■ 7 
and an intense continuum.
High-speed photography revealed that the heavier 
particles in the flame had a velocity of 92 cm s y ; the 7 "7 *
finer particles-were practically indistinguishable from 
the gaseous plume which changed shape from frame • to frame. ;y7 : - , 7 ,
At an ambient pressure of ?60 torr, particles ejected from 77' 7 
the surface.were uniform in size and of small diameter '
(about 1mm); at a pressure of 1#0 torr the surfkce ejected '■ r iT 7. ■ 
clots of material which were spinning; and ejecting material .;7y •• -i 
themselves; at 21 torr large pieces of the p ellet surface '.77777 
were thrown o ff.
Williams attributed the spin of the oxide particles ,7.
in the flame to either trapped gases bursting but.: of the -•> ? 7 7 ,7iy 7 
particle side leaving a cooler cavity or to the fact that ' fry1-If ■ 
the particles were ignited on one side only. With compositions 
containing excess zirconium, the oxide particle tracks sometimes + 
ended in a fragmentation star. 4
1-2.6. E lectrical Conductivity of Pyrotechnic Flames
The electrical' conductivity of a wide range of pyrotechnic 
flames has been measured Johnson (20), who immersed two 7
tungsten wire electrodes in the flames. Current versus applied 
voltage plots were found to be straight lines passing through 
the origin, and from these plots the electron concentrations ,7.' :77 
were calculated. The probe results were further supported by 
microwave (3cm wavelength) attenuation measurements. • ;• 7;7 y •
• • . , ' ' • TO - TO\TOTOTOTO.. 14 s 15 -3Electron concentrations of 10 ' to 10 cm were
calculated for flames of magnesium, aluminium and titanium with : 
nitrate and perchlorate/chlorate oxidants. In the case of sodium 
nitrate oxidant, thermal ionisation of sodium could account for 
the observed electron concentrations;' with the other oxidants, 
however, thermionic emission from condensed oxides (MgO, A l^O ^yy' 
•Ti^ O^ ) was considered to be the main source of electrons, y  777  /to 
especially since these oxides may be formed in the flame with - •
very low work functions (21). The electron co llis ion  frequency 
was calculated as 6*7-10  s~ . 7 ‘ 777 \7;7 •
The conductivities of nitrate and perchlorate flames 
calculated by Johnson are in agreement with radio-frequency 
conductance measurements made by Lisle ( 22). It i s  interesting  
to note, recalling Shimizu's postulate (8) that Cl^-or HCl in 
the flame reduces the oxide particle concentration, that nitrate 
oxidants gave higher conductivities than chlorate/perchlorate 
oxidants; and that the addition of PVC to a Mg/Sr(N0^)2 p e lle t 
increased the effective flame resistance by a factor of about .4  • 
ten (20) . :'■■•-■-^ 3 - -
In Mg/PTFE flames, the electron concentrations were . 
found by Johnson to be of the order 10 to 10. /cm"". In 
these flames i t  was considered that the electrons were produced , 
by thermionic emission from carbon particles. - /■■■'.
1-2.7* Summary
The meagre literature available on the spectra emitted 
"by pyrotechnic flames shows that the basis of colour production 
i s  reasonably well understood. However, apart perhaps from the 
action of chlorine-containing additives in suppressing certain ■ 
emissions, no reaction mechanisms in/the flame are firmly r
established. Spectral observations concerned with colour ‘ 
production used the radiation from the entire flame and./ 
therefore gave no information about the flame reactIon-zone.
//The. flame spectrum at wavelengths less  than 40002 has ' 
not, been fu lly  reported, although Clarke (17) not ed the presence ? 
of the Mg resonance line (reversed)., at 2852S arid Barrow and 
Crawford (23) mentioned that certain MgO/MgOH bands, 36OO-3850X 
were observed by them in absorption in ; the spectra of some 7 7 .••
pyrotechnic flames. " \ ‘ 7/  ■ ■ -
The Burning-Rate of Pyrotechnic Compositions ,■ ■ •../ '/./■
1-3.1. General "/■'■ _ •. 5 / ,  '•
The■linear burning-rate, centim etres per second of a ,. ■/% 
p ellet of pyrotechnic composition has beert found (7 , 1 7 ,24 ,25) • /. /
(a) the ambient pressure; during combustion; :
(b) the oxidant; +77. '.7 X •. • -7y-. ■  • '•■•yyyy-
(c) the percentage weight of fuel in the composition;
(d) the particle size  of the fuel, or, more precisely;,
7/ the specific surface area of the.-metal;: ....>+ 7' 7'
7(e) the pressure used to compact the powder into
p ellet form. f 7 /: .7 7 •
• 1-3.2. ,■ Pressure Dependence . .7  ; ' •' ••7,7
I f  the rate of consumption of the solid  is  proportional 
only to the amount of energy transferred by conduction from 7.7 
flame to solid , then the burning-rate should be proportional 
to the ambient pressure. For binary, stoichiometric mixtures 1 
of magnesium and a nitrate of either sodium or strontium or 
barium;,,: Taylor (7), and Clarke (17) were both able to f i t .  '.7/7; 
their observed burning-rate/pressure curves to an empirical y  7y 
■ relationship of the form .
• ■ : 7... • b .= py
. 7 ' ■ ’ ’ . : •*%.; ■ . . . . .  ( 1- 1 )
where B is  the linear burning-rate, cm s ~ \  P is  the ambient 
pressure (torr) and y is  a constant for any one composition and 
size of p e lle t . This-relationship was found to be valid over 
the range of ambient pressures, studied: 760 to 50 torr. The 
index y, which is  le ss  than 1, varied with the oxidant.7 For a 
stoichiometric Mg/BaO^  composition, the value of y was. found to 
unity (7)* The relationship in eqt. (1-1) is  well-known in the 
fie ld  of (composite) solid.rocket propellants, where' i t  i s  known 
as V ie il le s ’ law (26). - ‘ ' - , - ; , \  ' .77
, Direct proportionality of B to P would not hold i f  ‘ '77 
exothermic reactions occur in the condensed phase, or i f  • :. 
radiative .feedback from flame to solid  is  of comparable v7;y7 . 
importance to conductive feedback. Radiative transfer might be 
dominant at lower pressures i f  the flame reaction zone is  
situated at some distance from the surface of the p e l le t . ,y 'y7  •.
That the type of oxidant influences the burning-rate 
suggests that decomposition of the oxidant is  rate-controlling.7- 
Taylor (7) pointed out that the trend in the .values of y in'-' c/TO 7 
eqt. (1-1) for Mg/Ba(N05)2 , Mg/SrtNO^ and Na/NaNO- 
compositions followed inversely the trend in the decomposition 
temperatures of these n itrates. However., some thermal studies •••' 
(27 , 28, 29) suggest that Ba(N0^)2 is  more stable than Sr(N0^)2 
whereas a stoichiom etric composition containing the former burns 
faster than one containing the la tter . 7 7 7 ’:’'•
Thermal analysis (thermo-gravimetry, d ifferentia l thermal 
analysis, isothermal "time to ignition" techniques) can be used 
to study the preignition reactions in a composition, and the 7 ‘TO 
reaction which leads to ignition  (29,30). Thus Bond and Jacobs 
have found that a Mg/NaNO^  composition ignited when the nitrate 
had decomposed to the n itr ite , the overall ignition reaction in 
the so lid  state being .7 /
Mg + NaNO^  — MgO + NaNC>2 7 777'
- Freeman and Gordon (32) found that a similar/;composition 
containing 22*2 percent (by weight) magnesium ignited at 886°K 
while one containing 60 percent ignited at 833°K. I f  the 
:composition contains a binder, the.ignition reactions may 
involve decomposition products of the binder (33) • TO/' -: ; ,
It is  not easy, however, to see. how important ?these 7.7/ 
studies are for the steady-rate combustion of a pyrotechnic
p e lle t . It must be remembered that heating-rates in thermal* "* t *• ’• ■ . 7.1 ■ v  ^ ■ s: '
analysis experiments are usually le ss  than 20 C min , whereas 
the rate of heating of the interior of a p ellet which is  /  / 
undergoing steady-rate combustion may be several orders of 
magnitude higher. ; 7 /  x
1-3.4. Fuel Concentration and.Particle Size
','77. Clarke (17) has found that the linear burning-rate :/77 
(cm s ) of a Mg/Ba(N0^>2 composition increased with the weight, 
fraction of metal fuel in the composition, even though the heat
1-3•3• Dependence on Oxidant
of reaction of the composition decreased at a fuel weight, 
fraction s ligh tly  above stoichiometric. Whitehead (34) V? '■
has contended that th is i s  because only the surface of the 
magnesium particles are oxidised so that the reduction in /J
heat' available is  more than compensated for by the increased ■ 
rate of heat release. I f  the heat of combustion is  released 
mainly in the flame (rather than in the p e lle t) , Whitehead's /;
suggestion, implies that the metal particles are ejected as •; 
solids from the surface of the p ellet and burn in a 
heterogeneous manner. Sparks can indeed be seen emanating 
from pyrotechnic flames, especially with compositions which 
■are fuel-rich , or which .contain coarse metal powder (24). :■/ ‘ •
It has not been demonstrated, however,/that -the flame is  ; • ■'U fl
primarily a particle, in contrast to a gaseous,., flame. ;
Increasing the amount of fu e l.in  a composition would, 
increase the rate of reactions in the pellet i t s e l f  ( i f  such 
reactions occur) since the surface area of metal available 
for reaction is  increased. In th is connection i t  i s  interesting  
to note that a composition with finely divided fuel/burns :faster 
and with fewer sparks than a similar, composition containing 7
coarsely-powdered metal (24). Gackett (24) has pointed out ’
that the burning-rate Is determined by the specific  surface . • / •  - 
area of the metal fuel rather than i t s  particle size  and that ' 
the dependence of burning-rate on the specific surface area 
of the fuel is  le ss  for compositions with low metal content. : -
Increasing the amount of metal in a composition would 
also increase the thermal conductivity of the p e lle t , which 
would also tend to increase the rate of decomposition in the ;. 
interior of the, p e lle t . In addition, the porosity of the pellet/;; 
i s  probably changed when the fuel/oxidant ratio is  altered. : :
(The porosity also depends on the compacting pressure). The 
porosity is  important, at least in the case of delay compositions 
(for example,B>/B&CrO£ ) , for i t  i s  now known (35) that, the body i • • 
of the composition is  heated predominantly by convection: the 
hot gases from the surface, reaction-zone are evolved at. a , 
su ffic ien tly  high pressure to flow through the pores in the p e lle t .
* T-3-5- Pressure Limit for Combustion • ' .y y...
I t  i s  not clear i f ,any low-pressure lim it ex ists for -7 .- V' 
combustion of magnesium/nitrate compositions. Taylor (7) /•".
noted that stoichiometric 0-8in diameter p e lle ts  would not" ' T1/./'. 
burn at pressures below 80 torr; with 0*5in diameter p e lle ts  
of the same composition Clarke ( i 7) achieved combustion at..
50 torr. although, generally, smaller diameter p e lle ts  are ;*' v  
found to become, non-combustible at pressures at which larger 
diameter p e lle ts  burn readily. A d istinction .must be made 
between ignition, and propagation.:: Thus, in some preliminary - . 
experiments, the present author found that by increasing the 
energy available for ignition , p e lle ts  were ignited which ;: 
could not be ignited by the standard priming composition.; and, 
once ignition occurred, combustion propagated.
1-3-6. . 'Summary •' -to' ... ;* • •'V; ''v'
.. Burning-rates of binary pyrotechnics containing a j; 
hitrate.oxidant follow the same law of pressure dependence as y  7 
composite solid  propellants (the range of pressures of interest ;.?a 
i s , .of course, different - an atmosphere and le ss  for pyrotechnics 
several atmospheres and more, for propellants). Various attempts 
have been made (36,37) at deriving,: for propellants,, a itheqry 077/ 
or model from which the dependence of burning-rate on pressure 7 
*and particle size can be predicted. Any such theory could well 
be equally applicable to pyrotechnic combustion. However, the 
theories which have been proposed for propellant combustion are y  
largely empirical and of limited applicability. . > '77 .' JP-
; LITERATURE SURVEY: TEMPERATURE IN PYROTECHNIC ■ FLAMES -TO/« 77 • / :
" ' Introduction: Optical Methods for Measuring Temperature 7 •: ?
Almost a l l  reported .values of the temperature in 7 ,7:777 
pyrotechnic flames have been obtained by optical methods: ; 
the temperature was determined by measuring, at one or more 
wavelengths, the intensity of the, spectral continuum emitted1 7 
by: either the whole area or a selected part of the flame and; 7, 
assuming the valid ity  of Planck's radiation law. I f  these 
TOmethods’ are to give meaningful resirfts, ;the emissivity; ofy:TO7;77 
the flame or, at lea st, i t s  wavelength dependence must be 
known. The factors which determine the emissivity of a ' 7 7 ,7. 
cloud of magnesium oxide Or carbon particles are discussed! 7 
in section 2- 2 , before proceeding to a review of temperature •
measurements on pyrotechnic, flames and other- magnesium flames
■ ' •! '•;■ '7' ’■ 7 :'v.'.'77 ’'/To ' .77. .7: .7in sections 2-3 and 2-4. The idea of a single temperature
describing a- system involves assumptions about the state of
; equilibrium in the system, and th is is  discussed in section
2-5. This Introduction' outlines the principal methods’ of - 7 7"
measuring the temperature of a spectral continuum (38,39)•
(a) Brightness Temperature - ‘ . 7  • ''!" !,;7' 7 / ! '. ';7--- 7 .
7' I f  the radiance of the continuum is  measured at .one,7TO7
wavelength only (e .g . with a disappearing filament pyrometer)!,. , 
the quantity i s  the brightness temperature. This is  defined 7 
'a s  the temperature of a blackbody radiator which emits, within 
a specified narrow spectral waveband, the same power (W cm: sr
as the flame. I f  the flame has an emissivity of one i t  may be 
said to have a true temperature, in the sense of the zeroth law 
of thermodynamics, equal t o .that of the equivalent blackbody 
ra4i^tpri> ... I f  .the em issivity e of the flame is  le ss  than one.,.
7, the brightness, temperature, Tg, may be related^b/'.the.;-trjibVv-,7 .. 
temperature, T, using Wien's law (a valid approximation of 
Planck's radiation law for AT le ss  than 5000ju°K) . .' to i}'r f
(b) Brightness and Emissivity ,
Obviously, the true temperature can be determined i f  the 
emissivity is  measured as well as the brightness temperature..
In work on hydrocarbon flames ( 3 8 ) , / the. usual method of doing 
th is is  to measure the absorption by the flame of radiation 
from a suitable (monochromatic) source. (Kirchhoff1s law 
states that emissivity equals absorptivity for a source in , 
equilibrium). A flame containing magnesium oxide particles :;7 /I ' 
scatters, as well as absorbs, so that, to deduce the emissivity :/- 
from a light transmission measurement, -the relative amount's -of, 
scattering and absorption must bo known, and th is demands a t. *’ • 
knowledge not only of the refractive index of the particles, ' -
but also of the particle size (section 2-2). Unfortunately-7 
the optical properties of magnesia particles at high temperatures ;• 
are not well established. In addition, pyrotechnic flames are 
usually too dense to allow meaningful transmission measurements. 
However, Adams (40) has shown that i f  the optical properties 7 7 7 
of the particles are known, i t  may be possible, .without; det.aiied.34 
knowledge of the particle s ize , to bracket the emissivity (and: •.
therefore the true temperature) within close lim its without 
making a transmission measurement. Closer lim its on the ' * ' 3 7 / 
emissivity can be set by observing i f  light from a Q -^switched 
laser is  or is  not transmitted through the particle cloud. 7
(c) Colour Temperature
The colour, or dispersion, temperature of the flame 
is  the temperature of a blackbody radiator which has the same 7 
spectral energy distribution as the flame. Ideally, I t s 7 ;-v..
determination involves measuring the spectral radiance of the 
flame; in practice, the radiances in- narrow wavebands, centred
-  30 -
•' '? ...
on. two- wavelengths and are often measured. The true. -V ,?
temperature, T, i 
riy the equations
, and the colour temperature, Tq, are related
T = T (1, + T t'1n” 1 c  c
where:
TO _ 1 t
[d(  V x  j  . * + ^2
  (2-4)
I f  the flame is  a greybody — that is ,  i t s  emissivity is  le s s  ‘- 
than, one, but independent, of wavelength, - a measurement of 
the colour temperature gives both the true temperature, T, / 
and the em issivity.
In general, however, the flame i s  not grey arid, ideally , 
the wavelength dependence.of the emissivity must be known. For 7  *■ 
non-grey sources whose spectral emissivity cannot be determined 
a " b est-fit” method (41) is  often used. In th is method a major • 
part of the non-grey source's spectral radiance curve is  compared 
.with, the Planck curves' for different: temperatures; ‘ the .non-grey 
source is  taken to be at the temperature corresponding to the ' ;  
b e st-f it  Planck curve. : . ; v ‘ . . •
(d) Reversal Method
This method involves viewing a monochromatic comparison 
source through the flame and adjusting: the intensity of th e : 
comparison-until i t  cannot be distinguished from the, flame. > - *y
Provided Kirchhoff’s law applies., the temperature o f . the y ’y  
comparison source at the reversal point is  the true temperature 
of the flame since
Bbb(T). (1 -  € ). + bJ = Bbb(T)
if :
€Bbb(T) = B J
5 -i
7 71 7-.[
' ’ »*" • -.Wk , * *■ .? • x .
In which B (T) is  the radiance of the comparison source (assumed 
for convenience to be a blackbody), B^ is  the radiance of the 
flame and £ is  the flame's em issivity. The method was originally  
developed by Kurlbaum (42) for measurement on a spectral continuum// 
although i t  is  used mostly now for spectral lin e reversal (38) . .'7
Its  use on flames containing strong scatterers overestimates 
the flame temperature, as Wolfhard and Parker (43) have pointed out. 
The reason is  that scattering within, and in the v ic in ity  : o f , thev/;.- 
flame weakens the intensity of the comparison source so that, for 
reversal, the 'temperature of the comparison must be higher than the 
flame temperature. '-v
The Emissivity of Particulate Clouds “ /
2-2.1. Emissivity in Terms of Optical Cross-Sections •;/;
■Stull and Plass (44) have derived general equations for 
the rate of energy emission by a cloud of shattering and absorbing
particles at a uniform temperature T°K. At a frequency v , the ; -
„2 _T / '7radiance, B , (W cm sr Hz ) normal to the. surface of a .
. _ / ' ' /' . 3 ' -
cloud containing n particles per cm and having a depth of L cm
along the.direction of view is  given by
r L ' ’
B^  = B^ b(T) n sa I exp(-n s  ^ z) dz
. • > J  o "s
= B^CT) J -[1 -  exp(-n st L)]
(2- 6)
The derivation of eqt. (2-6) is  included in Appendix 1. In th is  
equation, B^(T) is  the radiance of a blackbody radiator at a 7 
temperature T°K, and s& and s  ^ are the absorption and extinction  
cross-sections, resp ectively ,, for the individual particles.' I f  •-. /  
sg is  the scattering cross-section of a particle, then
s. ss s + s .... \  !~ t a „ ■ ,
* - - : ‘' v ■ ' - * , 7  ' : ,  • .(2-7)
For a dense cloud, eqt ... (2-6) shows that the emissivity is  s / s , .7  ..
* v • . . 7" • “ * 7* ' S I1, o ■kFi.P ‘ '
;TO/TOTO>In deriving.eqt. (2- 6) i t  .was assumed that light scattered 
by the particles does not enter the measuring apparatus. I f  th is  
is  not the case, eqt. (2- 6) must be modified to: ' v ■
+ B’ = Bbb(T) n s dz ;v v a
X^  i s  the first-order scattering integral; i t  gives the rate at 
which energy, emitted by the entire cloud into a volume dV; r:TO;, 7 
within the cloud, is  scattered by particles in dV into the : 77 
direction of view. Second-order scattering may be included:
B + B’ + B* ’ ' TOTO' .... - /'TO 7TOTO - .7’ TO::/.,V ■ 7 ' 7 ; ■ ;■ . .• ■•■ . • -7.; .
a Bbb(T) n s& f j*.exp(-n s t z)J j~1 + X (^1 VX2>/J,dz
7'."' ; ;  .. :'7S- ' ■   (2-9)
in which X2 gives the. rate at which radiation, already scattered 
once within the cloud and entering the volume dV, is  scattered ' 
by the particles within dV into the direction of view. Stu ll 
and Plass ( lo c .c it .)  have derived expressions for the scattering, 
integrals, X^  and X , and they also showed that the ratio of 
the yth order scattering term to the zero-order term is  
proportional to ( s V  ;• -7 ‘ -
The calculation of the absorption, and scattering 
cross-sections, s& and sg , for a single particle was f ir s t  
treated by Mie (45) who formulated rigorous solutions for the 
problem of the interaction of electromagnetic radiation with a 
spherical particle embedded in an in fin ite  homogeneous and TO • !
non-conducting medium..-The cross-sections are found (46) to be 
functions of the parameter x = 27rr/\ (where r is  the radius of 
the particle and X is  the wavelength), and of the refractive'/ 
index of the material composing the particle. A material which, 
absorbs radiation has • a' complex index of refraction, m,- 7.' .
The absorption coefficient of the bulk material is  directly  
related to n'^ , being equal to ZLirnfX . Since n  ^ is  related • , 7;
to the conductivity of the material the cross-sections,
/.particularly, -s , are temperature dependent, :
The . general form of the variation with wavelength of ; 7. 7 
: sa and .s ' for a single spherical particle is  illu strated  in 
f ig . 2-1. For a weakly absorbing spherical particle, the. 
curve of scattering efficiency (ratio of scattering cross-section  
to geometrical cross-section) against x shows a damped oscilla tion ;  
about the final value, at large x , of 2. The osc illa tion s in 
the values of scattering efficiency are caused by interference 
of the ligh t transmitted by the particle with the ligh t diffracted  
by the particle; they are smoothed out in the case of a particle  
of irregular shape, or in the case of a cloud of spherical ;./v7 : /  
particles of different s izes . : ■ffr/
2-2.2. Emissivity of Carbon Particle Clouds
For amorphous carbon at flame temperatures (2500°K), ,Mie '
calculations by S tu ll and Plass (44) and by others (4?,48,49) 
have shown that scattering is  negligible compared to absorption 
when 27rr/X is  le ss  than 0*2. Thus, since s increases with ■1 - 
decreasing wavelength, a su ffic ien tly  dense cloud of such 
particles has, according to eqt. (2- 6), an'-emissivity v ir tu a lly /; •
equal to one at short wavelengths. The wavelength at which the 
cloud's emissivity attains the value< of one is  proportional to . ;j •. 
n, the concentration of particles. This is  illu strated  schematically 
in f ig . 2- 2 . •'
Large carbon particles at short wavelengths (xcs0*3) were 
found (44,47) to have a scattering cross-section that is  an 
appreciable fraction of the to ta l extinction cross-section. /The 
emissivity of a cloud.of such particles was shown to increase 
with decreasing wavelength until it. reaches a value of one, and 
then to decrease again.at shorter wavelengths. However, i f  f ir s t -  
order scattering were taken into account (eqt. (2-8)) S tu ll and
Plass ( lo c .c it .)  found that the emissivity remains at a value 
equal to one at the shortest wavelengths. ' ■ . ? . .
' The la st statement emphasises the importance of scattering  
angle. A single particle that is  large compared with the wavelength 
scatters radiation mostly in the forward direction (0° to the 
incident beam); in the extreme case of an opaque disc, the 7. 
phenomenon is  that of d iffra c tio n .■ On the other hand, i f  the 
particle size is  very small compared with the wavelength (more 
s tr ic t ly  i f  |m|x<§:1 ), the particle scatters more equally in 
a ll  directions, in accordance with Rayleigh’s Law (46). A 
cloud containing particles with, a distribution, of sizes , 
therefore, can have a complicated polar diagram .of scattered
ligh t (49). ‘
It should be pointed out that.soot in flames is  not ■ * 
necessarily pure amorphous carbon.- ■; It has been shown that a 
correlation ex ists between the absorption and scattering 
cross-sections and the carbon/hydrogen ratio of flame soots (50) .
2-2.3* Emissivity of Magnesium Oxide Particle Clouds
Mie calculations for magnesium oxide-particles have been 
performed by Plass (5*1) and by Bauer, and Carlson (52). The 
former considered spherical particles with a radius in the 
range 0-1 to 10 p  and at wavelengths from 0*5 to 10 /x ; the 
la tter  treated a distribution of magnesia spheres, half of 
the distribution being particles with radii between 0*2 and 
0*5 F • Bauer and Carlson found that when x is  approximately 
equal to 0*7 , the absorption cross-section .is three orders of 
magnitude less,than the scattering cross+section. Plass found
that s is  nearly five orders of magnitude, le ss  than s fora • • - s
0*1 p  radius particles at: a wavelength of 5000$ ( x = 1 *25) , 
but h is calculations suggest that, at least for infra-red 
wavelengths, scattering becomes negligible compared to 
absorption for values of x le ss  than-0*06 (fig.- 2-3) . He . 
pointed out that, when a particle is  small compared with the
wavelength of lig h t, the absorption cross-section Varies as 
the radius of the particle and the scattering cross-section  
varies as the fourth power of the radius.
The refractive.index'values used by Plass and by Bauer 
and Carlson were those measured on single magnesium oxide crystals 
at temperatures le ss  than‘1300°K. The conductivity, and therefore 
the absorption cross-section, of a.semi-conductor, such as magnesium 
oxide increases with temperature and would also be increased by 
doping with impurities. Furthermore, i t  has been found experimentally 
by Carlson (53)* that when alumina particles melt their absorption 
cross-section increases abruptly by a factor of 100. Doubt has 
also been expressed (53) about the appropriateness of describing 
the 'optical properties of a small polycrystalline oxide particle  
in terms of the refractive index measured on a single crystal.
The Mie calculations, therefore, do not give much guidance 
in assessing the emissivity of magnesium oxide particles in a flame. 
The inadequacy o f ‘the calculations is  illustrated  by the 
measurements of Carlson ( lo c .c it .)  on magnesium, oxide particles, 
in the exhaust of a laboratory rocket,motor.• Particle temperature 
was in the range 1400-1500°K, and the x parameter for the p articles  
had values from 0 «1 to 1*0. An average particle emissivity was 
determined to be 0.4, whereas the value expected from Mie 
calculations is  lower, by at least an order of magnitude. The 
spread of Carlson's experimental data did not permit; a quantitative 
determination of the variation with temperature of particle  
emissivity, but i t  appeared that the em issivity increased1with 
temperature.
However, although there are reservations.about existing  
theoretical predictions of magnesium oxide particle em issivity,
P lass1s calculations ( lo c .c it .)  suggest the p ossib ility  of a 
cloud of such particles having an emissivity equal to one at 
wavelengths in the v isib le  spectral region provided the: particle  
radius is  of the order of 50$- Although the absorption cross-section
for a single particle would be only 10 times the geometrical
area (for x = 0*06) , i t  would be large compared with the
scattering cross-section. Therefore, i f  the concentration of.
such particles in a. clouds is  su ffic ien tly  great (so that the
exponential in eqt. (2- 6) is  negligible) the emissivity of the
cloud is  almost equal to one, since s is  approximately equala
to S^  for the particles.
Flame Temperatures Found by Optical Methods
2-3*1. Temperatures in Pyrotechnic Flames
• -
Tables 2-1 and 2-2 summarise most of the available resu lts • 
of pyrotechnic flame temperature measurements-..
In table 2-2, T™ is  an "effective emission temperature"-liilLj f .7
obtained by measuring the intensity in two wavebands centred on
4-225$ and 6371$ and assuming that the flame emitted as a greybody (4) 
These two wavelengths were chosen because no discrete spectral 
emissions occurred in their v ic in ity . The in ten sities were 
recorded with a rapid-scan spectrometer and time-average,d values 
calculated. (Pyrotechnic flames exhibit rapid intensity  
fluctuations).
■ -5
Table 2-1. Summary of Taylor's (7) Measurements
Composition Brightness Temperature (°K) (near.surface of burning p e lle t
41*5  ^ Mg/NaNO^  
Stoichiometric Mg/BatNO )^  ^
" Mg/Sr(N03)2 
" Mg/Ba02
2700 ± 30 ’ > 
2930 ± 30 
2800 
2360
Table 2-2. Literature Values of Temperatures in Flames
of Binary Mg/Ba(NQ-J Compositions burning 
at 760 torr
*■ r ......... . ..
Reference: Taylor (7) /' Shimizu (8) Clarke (17) Douda (4)
- Method: Brightness
6600$.
Brightness
6600$
Thermocouple Brightness Two- 
6600$ colour
Position  
in flame.: .
'Near surface 
of p e l le t ’
■Maximum . 
temperature 
in .flame
Mid-point 
in flame \  .
TEMPERATURE (°K) -
Composition
25% Mg 2103 2000 • 3200
32% 2930-30 2583
W o I 2373
50/° 2565 ‘
*
Both Shimizu (8) and Douda (4) have.found that i f  PVC, or shellac 
or linseed o il is  added to the basic Mg/Ba(NO_)_ formulation, 
the brightness temperature of the flame is  apparently decreased. 
Some of Douda's results are given in'table 2-3- The.effective  
emissivity quoted in th is table was calculated by Douda on the 
assumption that T^  was the true flame temperature.
Table 2-3- Effect of Additives on the Temperature in
Mg/Ba(NCQ2 Flames (4)' 7 7 - ] •
Composition (by Wt.)
Mg 25 25 25
Ba(NO;5) 2 75 65 65
KC10A 10
PVC 10
TOB 2300°K 2600°K 2200°K
TEE 3500°K 34oo°k 2?00°K
Effective
Emissivity 0-04 0*11 0*12
In addition to the experiments whose results are summarised 
in the tables, temperatures in Mg/NaNO^  flames have been measured 
by Cackett (24), in a zirconium/inorganic nitrate flame by 
Williams (19) and in a Mg/PTFE flame by Izod (54) and by Alcock (55)* 
Tyrroler (56) has developed a rapid response colour pyrometer for 
measurements on pyrotechnic flames.
Cackett ( lo c .c it .)  obtained a mean brightness temperature 
for the whole area of the flames from Mg/NaNO^  compositions, by 
measuring the intensity of radiation and the flame area. Average 
brightness temperatures in the range 2670-2810°K were observed 
for compositions containing:-
Mg : 50$ by weight
NaNO-, : 5 0 - 3 2 $3
Calcium Oxalate : 0-12$
Lithographic Varnish : 0-6$
Cackett's average brightness temperatures agree 
surprisingly well with Taylor’s spot measurements on the 
simple binary Mg/NaNO^  .mixture (table 2-1).
Williams ( lo c .c it .)  used a rapid-response two-colour 
ratio pyrometer. He reported a temperature of 3190 K existed  
at 0 5 cm above the surface of a zirconium/inorganic nitrate 
pellet burning at: an ambient pressure of 600 torr. At 140 torr 
the temperature was 3083°K; at 9 torr i t  was 2612°K. However, 
the temperature at a point 5cm above the burning surface of the 
pellet was found to be 2988°K at 600 torr and 3342°K at 140 torr 
ambient pressures.
Both Izod and Alcock ( lo c .c it .)  used a rapid scan 
spectrometer to record near infra-red and v isib le  radiation 
from the entire area of a Mg/PTFE flame. They compared the 
(time-averaged) spectral intensity curves with blackbody 
radiation Curves and in th is way found that a 50  ^ Mg/PTFE 
flame exhibited greybody behaviour’and had an effective emission 
temperature of 2500PK for combustion at 7&0 torr. This 
temperature is  the boiling point of MgF^  and is  the adiabatic 
flame temperature (see Appendix A4-1).
2-3»2. Comments on the Use of Optical Methods for Measuring
Temperatures in Pyrotechnic Flames \
Monochromatic pyrometry suffers from the obvious, defect 
that the emissivity of the flame depends on the,concentration 
of oxide particles in the flame, and probably on the temperature 
of the particles (section 2-2.3)• This makes.it d ifficu lt to 
obtain brightness temperatures that are correct relative to- one 
another even for different points in a given flame. The oxide 
particle concentration depends on the burning-rate-of the 
composition and is  therefore a function of ambient pressure.
Thus, comparison of brightness temperatures of a given flame 
at different ambient pressures is  not very meaningful. Similarly, 
the effect of additives in a composition on the temperature of
the flame cannot be ascertained by merely measuring brightness 
temperatures, since additives may change the oxide particle  
concentration, either by changing the burning-rate or by 
chemical reaction (1- 2 . 2 . ) .
The occurrence of lin es or bands within the wavelength ' 
bandpass of the pyrometer w ill cause errors i f  the lin es or 
bands are chemiluminescent, or i f  the gas is  at a temperature 
different from that of the condensed particles which emit the 
continuum. If  gas and particles are in equilibrium the 
occurrence of lin es or bands superimposed on the continuum 
increases the flame's emissivity to a maximum value of one and 
brings the brightness temperature closer to the true temperature.
Smoke between flame and pyrometer w ill introduce an 
(unknown) error in the brightness temperature. This is  especially  
true i f  the composition is  burned in a small combustion chamber. 
(Douda (4) used a 15 m.p.h. air flow to remove the cold smoke-, 
but th is technique may change the aerodynamics of the flame).
Since the attenuation by cold smoke is  lik ely  to be wavelength 
dependent, i t s  presence also interferes with measurements of 
colour temperature.
Two-colour temperature determinations based on the 
assumption that the flame behaves as a greybody probably 
overestimate the true temperature since the flame's emissivity  
probably increases with decreasing wavelength for radiation in 
the v isib le  region (section 2-2.1) .  Wolfhard and Parker (43) 
have questioned the usefulness of calculating a colour temperature 
for flames containing oxide.particles.
Temperature measurements made by measuring the radiation 
from the tota l flame area are of great practical importance but 
of l i t t l e  help in understanding the flame processes. The ^spectral 
energy, distribution emitted by the tota l flame area w ill not, 
in general, be Planckian (black or grey) because the emissivity 
depends on both temperature and wavelength.
Wolfhard and Parker (43) found that the radiation ' 
emitted at wavelengths shorter than 2800$ by a magnesium/air 
stationary flame had a spectral radiance which approximated 
closely to that of a blackbody radiator at a temperature of 
3100.K. At longer wavelengths the flame’s radiance became 
progressively le ss  than the radiance of a 3100°K black 
radiator. Wolfhard and Parker assumed that the magnesium/air 
flame behaved as a blackbody at wavelengths le ss  than 2800$ . 
and they noted that th is flame attained blackbody behaviour . . 
at a shorter wavelength than a more optically dense aluminium/air 
flame.
Scartazzini (57) has reported measurements made on a 
stoichiometric magnesium powder/oxygen flame which was stab ilised  
on a burner. At 2cm from the base of the flame, the reversal 
temperature and the brightness temperature, both measured at 
6650$, were found to be 2733 ± 30°K and 2753 ± 40°K respectively. 
On the assumption that the.reversal temperature was the true 
temperature, Scartazzini concluded that the emissivity was 
0*95 at 6650$. In the green spectral region, 5600$-4700, 
reversal and brightness temperatures were both 2893°K. That 
the emissivity was apparently equal to one at these la tter  
wavelengths was attributed to banded emission superimposed 
on the continuum; the red reversal temperature was assumed to 
be the temperature of the continuum emitter.
As has been pointed out (section 2-1), the reversal 
method overestimates the temperature of a MgO particle flame.
On the other hand, the real brightness temperature was probably 
higher than the measured value because of attenuation.of the 
flame’s radiation by cold smoke between the flame and. the 
pyrometer. Scartazzini’s calculated emissivity, therefore, is  
considered to be incorrect. Furthermore, Scartazzini
2-3•3* Tem peratures in  o th e r Magnesium Flames
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observed, superimposed on the continuum, M g lin es at 4571$,
3838$ and 2852$ and other discrete emission features over 
the entire spectral- range. These specific emissions could 
hardly be distinguished against the continuum i f  the emissivity 
was as high as 0-95 at 6650$ assuming gas and particle temperatures 
were equal.
Rossler (58) described a method of finding, both th e . TO7 .
true temperature and the optical thickness of magnesia particle
clouds. The method involves measuring the brightness temperature 
at one Wavelength and the colour temperature, and .assumes knowledge
of the absorption and scattering coefficients per unit length o f• •
the cloud, together with the temperature and wavelength dependence; 
of these coeffic ien ts. The coefficien ts and their wavelength 
dependence (their dispersion index) at room temperature were 
measured (59) on a layer of magnesia particles deposited on a 
disc. The values' at 2800°K were determined (58) by measurements 
on an optically thin cloud, an optically thin cloud doubled by 
a mirror and an optically  dense cloud. The temperature dependence 
of the dispersion indices was assumed to be linear from 300 to 2800°K.
Rossler assumed that once the absorption and scattering 
coefficien ts and their respective dispersion indices had been 
determined, the values would be universally valid . This 
assumption ignores the dependence of emissivity on particle ’ . 
s ize , as Wolfhard and Parker ( lo c .c it .)  had pointed out in 
connection with the Hot.tel and Broughton method (60) (for carbon 
particles in a flame) which Rossler’s method resembles. Rossler 
also assumed that, for magnesia particles, absorption is  
negligible compared with scattering and that scattering is  
predominantly in the forward and backward directions. The 
assumptions made by Rossler are only valid when the particle  
size is  greater than the wavelength (section 2- 2 . 3)? so that , 
the method he described is  not of general applicability . It is  
of interest to note that an optically dense flame he examined had 
an emissivity of 0*38 (at 6650$) which agrees well with the average 
particle emissivity of 0*4 measured by Carlson (53) for predominantly 
scattering magnesia, particles ( x ~ 0*1 ) .
Thermocouples in  P yrotechnic  Flames
In theory, a thermocouple is  capable of both spatial /•-; 
and temporal resolution in the measurement of flame temperature.
In practice, i t  may disturb the flame by acting as a catalytic  
surface for chemical reaction, by interfering with, the gas flow 
pattern or by some other e ffec t. . . *>■
.Clarke (17) measured temperatures in Mg/Ba(N0^)2 flames 
with a tungsten-tungsten/rhenium thermocouple junction, which / • /• - 
i s  capable of withstanding temperatures up to 3073°K. The/ 
junction diameter was 0 *13mm and had a response time of 5*3 ms; ■
(The response of a thermocouple to a step-wise temperature 
increase can be found from a formula given by Moffat (61); the 
response-time depends on the junction diameter, length of wires, 
gas flow velocity and temperature increase).
Clarke embedded the thermocouple in the solid  p ellet  
and was thus able to measure the temperature profile, as the t
pellet burned and the thermocouple emerged into the flame.
Maximum temperatures recorded in this'way were 2373°K and 
2108°K respectively for compositions containing 1+5 per cent, 
and 25 per cent (by weight) magnesium, combustion being at 
760 torr ambient pressure. The flame from a stoichiometric 
composition had a maximum temperature of 2550°K at 760 torr; 
at 250 torr the maximum temperature measured was 2373°K. In. 
another series of experiments, Clarke recorded temperatures , / /  
at different points in the flame and found that the temperature 
f e l l  from .2550°K, near the surface of the p e lle t , to 1393°K 
at 17cm downstream in the flame from a stoichiometric composition 
at 760 torr. . ' . /.:/ •
In pyrotechnic flames the use of thermocouples presents - 
an additional d ifficu lty  to those already mentioned. Some /
experiments by the present author showed that the thermocouple 
probe acquired a large disc-shaped oxide deposit, with a diameter 
greater than 1 cm. The time-response of the junction is  therefore 
altered and consideration must be given to heat transfer from . 7 
the flame through the deposit to the junction, . with the complication
that the deposit presumably grows with time. The diameter 
of the junction used in these preliminary experiments, was 
0.4mm (response time 30 ms) as compared with the 0 *13mm 
junction used by Clarke. Nevertheless the maximum temperatures 
measured in a stoichiometric Mg/Ba(N0^)2 flame were similar, 
to Clarke’s results: 2570°K at 760 torr ambient pressure and 
2070°K at 250 torr. It was also observed that a comparable*’ /■ ■ ■
output, voltage was given by the. thermocouple probe even when 
the junction had broken. . ■ ,
Because deposition on the junction and. the rate of heat 
- transfer through the deposit would be expected to change with 
ambient pressure, Clarke1s maximum flame temperatures may not — 
be correct relative to each other for a given flame.at different 
ambient pressures. However, for different points--in-a flame 
at any particular pressure, the measured temperatures may be 
relatively  correct. The temperature profiles in the solid  
must be accepted in the absence of any specific information 
on the Catalytic action of the thermocouple.
Temperature and Equilibrium
An assumption im plicit in the discussion of the: previous 
sections is  that a flame, or any particular region of a flame, 
can be assigned-a unique temperature. The valid ity  of th is  
assumption w ill now be.discussed briefly  (38,39, 62) .  \  •
A system can be described by a single temperature i f  
that system is  in complete thermodynamic equilibrium. For a 
gaseous system, complete equilibrium implies the valid ity  of- 
the Maxwell-Boltzmann distribution law, the Saha ionisation  
equation, the fr.ee energy equations describing chemical 
equilibrium and the radiation distribution law of Planck, and 
that a ll  of these equations have the same temperature parameter.-. 
For such a state, the principle of microreversibility states that 
any one process, for example, the rate of de-excitation by 
emission of radiation, is  exactly balanced by the reverse.process 
the rate of-excitation by absorption of radiation.
In a real system, approximate equilibrium can be attained 
i f  the rates of a ll. unbalanced processes are negligib le, since
any one pair of processes alone suffices to maintain a. Boltzmann y.;- 
distribution. Thus, in a low current carbon arc in air at ■ ' :y /
atmospheric pressure, the radiation loss is  so small that 
co llision s alone maintain an equilibrium distribution (62) .  : . ' ,
Serious departures from equilibrium rpsult i f  the rate of 
energy, extraction; ( for-; example by radiation loss) or the rate ; l /v  "
of energy production by chemical reaction, or shock;heating are/-:, y y . .," 
faster/than the mechanisms of energy distribution among the /y .y /  
various degrees. of freedom. ..In the -reaction-zone of pre-mixed 7 //;-* 
flames, atomic and vibrational excitation and electron concentrations 
are often higher than the? equilibrium values corresponding to y / / . -  /  
the adiabatic flame ..temperature (38,63) . Departures from 
equilibrium in the flame reaction-zone become more pronounced ;-y y  -  
at low pressures because there are.fewer co llision s per second yy  
to establish equilibrium, and at high hurning-rates because the r: '•
rate of energy production is  greater. Non-equilibrium conditions'• 
may p ersist;beyond the reaction-zone for slow recombination 
reactions which require a third body. ; -•'■ /  y  ./..--
V Temperature gradients across .the flame imply a lack o fy  / / .  . 
equilibrium, although i f  the temperature is  constant over/a few /? //;  
mean free paths local equilibrium can be assumed.. In a gas/condensed 
particle system in which there i s  energy exchange
particles, an essential condition for equilibrium-,iejjihalb/gas•'and-vf 
particles;,have the’ same temperature: . th is is  not the case, for •/: ■ • . .: 
example, in rocket exhausts . (64) . -. •>•;/;'- ./ .. /  ''-..77 / / / ,  /  7
It has been calculated (65) that, in a flame reaction-zone, 
i f  the quantity E/kTy where E is  the overall activation energy fo r • 
the flame reaction and k is  the Boltzmann Constant, is  le ss  than 5» 
then marked, departure from the Maxwell-Boltzmann energy distribution  
law can be expected. The existence of equilibrium, therefore, 
cannot be assumed a priori for the reaction-zone of pyrotechnic 
flames (although th is is  a necessary assumption for in it ia l  
calculations). Ideally the degree and kind of equilibrium should 
be determined experimentally by measuring electronic, vibrational, 
hotational arid translational temperatures for/the;gaseous sp ecies• 
and the radiation temperature for the; condensed p a r t i c l e s , . y y /'*
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FIG. 2-1. T H E  ABSOR PTIO N AND SCATTERING .I 
E FFIC IE N C IE S A S  FUNCTIONS O F  TH E'''  '' i
PARAMETER X / F O R  A SING LE SPHERICAL ]
PARTICLE WITH THE OPTICAL CO N ST A N T S j
O F  C A R BO N  ( F r o m  P la ss ,  r e f  4 8 )

FIG. 2 - 3 .  A B S O R P T IO N  AND SCATTERING  
EFFICIENCY FACTORS O F  M g Q  PARTICLES  
A S FUNCTIONS O F  THE ' PA R A M E TE R  
( F r o m  d a t a  in r e f  5 1 )
LITERATURE SURVEY: COMBUSTION OF MAGNESIUM
Low-Pressure Diffusion Flames of Magnesium Vapour
The low-pressure dilute diffusion flame,: pioneered by 
Polyani (66) , offers a direct method of studying the reaction 
between magnesium vapour and oxygen, and i t  has been used by- 
Whitehead (34) and byMarkstein (67) . In both cases, the 
technique used was to sweep, with an argon stream, magnesium 
vapour from an oven and carry i t  into an atmosphere of oxygen/
diluted with argon. A spherical diffusion flame, at an estimated
temperature of 1000°K, formed around the entry nozzle. A
d ifficu lty  experienced with th is  technique i s : that heterogeneous 
reaction: took place on the nozzle and'the deposit eventually -■ 7  
blocked the entry.
Markstein's flame, which was at a to ta l pressure of a 
few torr gave a spectrum consisting of featureless bands, of 
continuous, radiation.(a broad maximum in the blue and narrower 
maxima in the red and near ultraviolet regions). The oxidation 
reaction seemed, therefore, to take place, predominantly as a, 
heterogeneous reaction on oxide particles growing in the flame.
On the other hand, Whitehead's flame, at a tota l pressure in 
the range 3 to 35 torr, emitted (chemiluminescerit) atomic lin es ' 
and.molecular bands, thereby suggesting the occurrence of a . • 
homogeneous gas phase oxidation reaction. The obviously different, 
reaction paths in the two cases could not have been entirely, due 
to the different to ta l pressures since more recent work by Deckker 
and Rao (68) suggests that, in a magnesium diffusion flame at 6*5 
to 0*9 torr, homogeneous reactions predominate. Differences in 
flame temperature could have been important: later work by 
Markstein (69) suggests that the co llision  efficiency for the" 
heterogeneous reaction may be a strong function, of-temperature 
at temperatures le ss  than 840°K (see section 3-2 .4).
The spectrum from Whitehead's flame ( l oc . c i t i )  consisted 
of the 45712 forbidden Mg lin e  (which accounted for the pale blue
771?/ / / I  i /7 :3 1 /1  .7 7; \ +3 3 7 3 7  ' 4 7 : 7
a p p e a r a n c e  o f  t h e  f l a m e )  a n d  t h e  5007$  b a n d s  a n d  t h e  n e a r  
u l t r a v i o l e t  b a n d s  o f  M gO, t h e  l a t t e r  b a n d s  b e in g  t h e  m o s t  
i n t e n s e  s p e c i f i c  f e a t u r e .  T h e  r e s o n a n c e  l i n e s  o f  Mg a t  2852$ ,  
w as o u t s id e  t h e  r a n g e  o f  o b s e r v a t i o n  b u t  i t s  p r e s e n c e  w as a s s u m e d .  
I n  t h e  r e a c t i o n  schem e p o s t u l a t e d  b y  W h ite h e a d  t o  a c c o u n t  f o r  
t h e s e  c h e m ilu m in e s c e n t  f e a t u r e s ,  e x c i t e d  0 ^  w as  t h e  i n t e r m e d i a t a r y . 
H o w e v e r ,  t h e  c o m p le te  r e a c t i o n  schem e m u s t b e  t r e a t e d  w i t h  c a u t i o n  
b e c a u s e 1 i t  i m p l i e s  t h a t  t h e  MgO n e a r  u l t r a v i o l e t  b a n d s  i n v o l v e  
a  ^ 2  s t a t e  a n d  t h i s  i s  d e b a t a b le  ( 70 , 7 1 ) •
T h e  c o n t in u u m ,,  w i t h  a  m axim um  i n  t h e  b l u e ,  e m i t t e d  b y  7  
M a r k s t e i n ' s  f la m e  ( 67)  i s  r e m i n i s c e n t  o f  t h e  c a n d o lu m in e s c e n c e  
i n  t h e  r a n g e  4 2 0 0 - 4 8 0 0 $  o b s e r v e d  b y  N i c h o ls  a n d  H ow es ( 7 2 )  '• —•
w hen  t h e y  e x p o s e d  m a g n e s iu m  o x id e  t o  t h e  g a s e s  f r o m  a n  o x y g e n - r i c h  
o x y - h y d r o g e n  f l a m e .  I n d e e d ,  M a r k s t e i n  i n  f u r t h e r  e x p e r im e n t s  ( 2 1 )  
i n s e r t e d  i n t o  t h e  f la m e  a  v a r i a b l e - t e m p e r a t u r e  p r o b e  a n d  fo u n d  
t h a t  t h e  d e p o s i t  o n  t h e  p r o b e  w as lu m in e s c e n t  w i t h  p e a k .e m is s io n  
a t  4 3 0 0 $  ( 3 * 5  e V ) .  T h e . d e p o s i t  w as fo u n d  t o  e m it  e l e c t r o n s , a n d  
b y  v a r y i n g  t h e  p r o b e  t e m p e r a t u r e ,  a  w o rk  f u n c t i o n  o f  o n l y  0 * 4 4  eV  
w as d e d u c e d . B o th  lu m in e s c e n c e  a n d  e l e c t r o n  e m is s io n  a p p e a r e d  
o n ly  w h en  o x y g e n  a n d .m a g n e s iu m  w e re  p r e s e n t .
M a r k s t e i n  p o i n t e d  o u t  t h a t  a l t h o u g h  h i s  p r o b e  o b s e r v a t i o n s  
w e re  m a in l y  q u a l i t a t i v e ,  t h e y  a r e  i n  l i n e  w i t h  c u r r e n t  t h e o r i e s  ■ 
o f  c h e m is o r p t io n  a n d  h e t e r o g e n e o u s  c a t a l y s i s ,  s in c e  t h e s e  t h e o r i e s  
s t r e s s  t h e  im p o r t a n c e  (a n d  o f t e n  r a t e  d e t e r m in in g  s t e p )  o f  e l e c t r o n  
t r a n s f e r  b e tw e e n  s o l i d  a n d  c h e m is o rb e d  s p e c i e s .  I n  t h i s  c o n t e x t / ,  
t h e  m a g n e s iu m -o x y g e n  r e a c t i o n  i s  r e g a r d e d  a s  t h e  s im u l t a n e o u s  
c h e m is o r p t io n ,  o n  t h e  o x i d e ,  o f  t h e  m e t a l : w h ic h  a c t s  a s  an  
e l e c t r o n  d o n o r , - a n d  o f  o x y g e n  w h ic h  a c t s  a s  a n  e l e c t r o n  a c c e p t o r .  
T h e  o b s e r v e d  e x c i t a t i o n  e n e r g y  f o r  lu m in e s c e n c e  o f  t h e  p r o b e  
d e p o s i t  ( 3 * 5  e V ) w as  c lo s e  t o  t h e  d i f f e r e n c e  b e tw e e n  d o n o r  a n d  
a c c e p t o r  l e v e l s  fo u n d  b y  o t h e r  i n v e s t i g a t o r s  f o r  m a g n e s iu m  o x id e  
a n d  a t t r i b u t e d  b y  th e m  t o  l a t t i c e  i m p e r f e c t io n s ; . ;  /  • 7
T h e  t e c h n iq u e  e m p lo y e d  b y  C o u r t n e y  ( 7 4 )  t o  o b t a i n  a  lo w
p r e s s u r e  d i f f u s i o n  f la m e  d i f f e r e d  f ro m  t h a t  a l r e a d y  d e s c r i b e d .
C o u r t n e y 's  f la m e  w as a n  a x i a l  d i f f u s i o n  f la m e  o b t a in e d  a s  a
s h e a t h  a r o u n d  a n  i n n e r  m a g n e s iu m  v a p o u r  s t r e a m .  H ig h  l i n e a r  //TO 
- / • • • T O . . ,  ••• /  . >' : / / '  "TO:
v e l o c i t i e s  o f  t h e  r e a c t a n t s  p r e v e n t e d  h e t e r o g e n e o u s  r e a c t i o n  '
o n  t h e  b u r n e r  l i p .  I n i t i a l  t e m p e r a t u r e  o f  t h e  m a g n e s iu m  a n d  
o x y g e n  w as a p p r o x i m a t e l y  1 0 0 0 ° K ,  a n d  t h e  t o t a l  p r e s s u r e  w as  
2 t o r r .
T h e  c o n i c a l  r e a c t i o n - z o n e  o f  C o u r t n e y ’ s  f la m e  w as
r e p o r t e d  a s  r e s e m b l in g  a  B u n s e n  t y p e  f la m e  i n  a p p e a r a n c e .
/ — i * - ' ' *
A b u r n in g  v e l o c i t y  o f  1 0  m s  a n d  a  r e a c t i o n  t im e  o f  1 0 ju s
w e re , e s t im a t e d  a s  u p p e r  a n d  lo w e r  l i m i t s  r e s p e c t i v e l y  ( s i n c e
o x y g e n  d i f f u s i o n ,  r a t h e r  t h a n  k i n e t i c s ,  w as l i m i t i n g ) .  T h e
f la m e  s p e c t r u m  sh o w e d  t h e  5 0 0 7 $  MgO b a n d s , t h e  4 5 7 1 $  Mg l i n e
b u t  n o t  t h e  Mg 2 8 5 2 $  r e s o n a n c e  l i n e  ( c f .  W h it e h e a d  l o c . c i t . ) ;
t h e  MgO u l t r a v i o l e t  b a n d s  do n o t  seem  t o  h a v e  b e e n  o b s e r v e d .  -
S t e a d y - S t a t e  C o m b u s t io n  o f  M a g n e s iu m  P a r t i c l e s  a n d  R ib b o n s .
3 - 2 . 1 .  C o n d i t i o n s  f o r  V a p o u r -P h a s e  C o m b u s t io n
T h e  s t e a d y - s t a t e  h ig h  t e m p e r a t u r e  o x i d a t i o n  o f  m e t a ls  
i s  kn o w n  ( 7 5 , 7 6 )  t o  o c c u r  i n  o n e  o f  tw o  p o s s i b l e  w a y s .  I n  t h e  
f i r s t ,  t h e  o x i d a t i o n  r e a c t i o n  t a k e s  p la c e  o n  t h e  s u r f a c e  o f  t h e  
b u r n i n g  m e t a l ;  i n  t h e  s e c o n d ,  t h e  o x i d a t i o n  r e a c t i o n  t a k e s  p la c e  
i n  a  v a p o u r - p h a s e  d i f f u s i o n  f la m e  s u r r o u n d in g  t h e  b u r n in g  p a r t i c l e  
o r  r i b b o n .  I f  t h e  s u r f a c e - r e a c t i o n  m e c h a n is m  a p p l i e s ,  o x y g e n  
d i f f u s e s  t o  t h e  s u r f a c e  o f  t h e  b u r n in g  m e t a l  a n d  h e t e r o g e n e o u s ly ; ,  
. r e a c t s  t h e r e .  T h e  o x id e  p r o d u c t  m ay b e  v o l a t i l e  a n d  l e a v e  t h e  • 
s u r f a c e  ( c f .  t h e  o x i d a t i o n  o f  c a r b o h ) ;. i f  t h e  o x id e  i s  n o t  
v o l a t i l e ,  t h e  r a t e  o f  c o m b u s t io n  i s  l i m i t e d  b y  t h e  f a c t  t h a t  
o x y g e n  o r  u n r e a c t e d  m e t a l  o r  b o t h  m u st d i f f u s e  t h r o u g h  a  l a y e r  
o f  o x id e  i n  o r d e r  t o  r e a c t .  O b v io u s ly ,  t h i s  s e c o n d  mode o f  
c o m b u s t io n  i s  r e l a t i v e l y  s lo w .
I f  c o m b u s t io n  o c c u r s  b y  t h e  f a s t e r  d i f f u s i o n  f la m e  m o d e , 
m e t a l  e v a p o r a t e s  f r o m  t h e  s u r f a c e  o f  t h e  b u r n in g  p a r t i c l e  o r  r i b b o n  
a n d  r e a c t s  w i t h  t h e  i n w a r d l y - d i f f u s i n g  o x y g e n  a t  some d is t a n c e  
f r o m  t h e  s u r f a c e .  T h e  r a t e  o f  c o m b u s t io n  i s  d e t e r m in e d  e i t h e r  
b y  t h e  r a t e  o f  e v a p o r a t i o n  o f  m e t a l  -o r  b y  t h e  r a t e  o f  ( in w a r d )  
d i f f u s i o n  o f  o x y g e n  f r o m  t h e  s u r r o u n d in g  a tm o s p h e r e .  T h e , 
r e a c t i o n s  i n  t h e  d i f f u s i o n  f la m e  w h ic h  s u r r o u n d s  t h e  p a r t i c l e  
o r  r i b b o n  a r e  n o t  t h e m s e lv e s  n e c e s s a r i l y  g a s -p h a s e  r e a c t i o n s :
• 3 3  •<
;V:‘-yfffr 7  3/ 7  7 -7 / - :  ^ ■7 7 v - .  ; y  . • •' / . .  7 7  j f r y p j ;*/£
; t h e y  m ay t a k e  p la c e ,  ( s e c t  i o n  5 - 2 . 4 )  h e t e r o g e n e o u s ly  o n  t h e . . 7  -J ::£j
s u r f a c e  o f  c o n d e n s e d  o x i d e .  1 v. • • ; • ^ ' 7 7 7 7 - 1 7 j . ; / / /
’ , /  j , 37/ H a r r i s o n  a n d  Y o f f e - ( 7 5 )  p o i n t e d  o u t  t h a t , f o r 1 7 /
7 / . '  m e t a l s / w i t h  a  r e f r a c t o r y  o x i d e ,  v a p o u r -p h a s e  b u r n in g :
; 7  . " / r e s u l t  i f  t h e  b o i l i n g  p o i n t  o f  t h e  m e t a l  i s  l e s s  t h a i i  t h e  . „•, : .7  .. 
b o i l i n g  p o i n t  o f  t h e  o x i d e .  T h a t ,  t h i s  i s  a  n e c e s s a r y  b u t  3 ; ; 3 7 -  
h o t - s u f f i c i e n t  c o n d i t i o n  h a s  b e e n  d is c u s s e d  i n  d e t a i l  b y  7 ,  
B r z u s t o w s k i  a n d  G la s s m a n n  ( 7 7 ) :  b e c a u s e  t h e  m e t a ls ;  o f  7 . 7 /  7  ' -
i n t e r e s t  u n d e r g o  a  lo w - t e m p e r a t u r e  s u r f a c e  o x i d a t i o n , /  t h e  
c r i t e r i o n  f o r  v a p o u r - p h a s e  b u r n in g  a t  h ig h  t e m p e r a t u r e s  ^ m u st7 7 3 > 
t a k e  i n t o  a c c o u n t  t h e  e x t e n t  o f  s u r f a c e  o x i d a t i o n T p r i p r  > 833.37 /'-.7; 
i g n i t i o n ,  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  o x id e  ( i t s  p o r o s i t y ,  , 7 ' 
m e l t i n g  p o i n t  a n d  s o l u b i l i t y  i n  t h e  m e t a l ) , a n d , t h e  n e t  h e a t  7;  7  /  
t r a n s f e r  r a t e  t o  t h e  b u r n i n g  p a r t i c l e  o r  r i b b o n .  A lu m in iu m  7 >7 
f u l f i l s  t h e  b o i l i n g  p o i n t  c o n d i t i o n  b u t  i t s  m ode o f  c o m b u s t io n  : . 
d e p e n d s  on  p a r t i c l e  s i z e  a n d  t h e r m a l  e n v ir o n m e n t  ( 78) .
M a g n e s iu m  a l s o  f u l f i l s  t h e  c o n d i t i o n  o f  H a r r i s o n  a n d 7 - 7  3 
Y o f f e .  M o r e o v e r ,  i t  i s  a  v o l a t i l e  m e t a l  so  t h a t  a  s m a l l  p a r t i c l e  
can- b e  h e a t e d - r a p i d l y  t o  i t s  b o i l i n g  p o i n t  w i t h o u t  a p p r e c i a b l e  
s u r f a c e  o x i d a t i o n .  T h e , o x id e  i s  n o n - p r o t e c t i v e  • s ih c p  ; t h t i  r a t ic > 3  ^
\  o f  t h e  s p e c i f i c  v o lu m e s  o f  o x id e  to . m e t a l *  i s  l e s s  t h a n  o n e .  ' •’ ’7 ;'; 
V a p o u r -p h a s e  C o m b u s t io n , t h e r e f o r e y  i s  e x p e c t e d .  7. '7 7. <1 J
T h e r e  a r e ,  h o w e v e r ,  tw o  t y p e s  o f  d i f f u s i o n  f la m e  w h o se  7  
o c c u r r e n c e  d e p e n d s  o n  t h e  s i z e ;  o f  t h e  p a r t i c l e  a n d  t h e  t h e r m a l  
- e n v i r o n m e n t . A l a r g e  p a r t i c l e , -  8 6 fx , . s a y  -  w i l l  a c q u i r e  a  • ’
t h i c k  o x id e  - l a y e r  b e f o r e  t h e  i g n i t i o n  p o i n t  i s  r e a c h e d .  On ■. ,/ 
i g n i t i o n  t h e  m e t a l  c a n  e s c a p e  t h r o u g h  t h e  p o r o u s  o x id e  a n d  7 7  
r e a c t  w i t h  o x y g e n  i n  a  s lo w  d i f f u s i o n  f l a m e ,  t h e  o x id e  l a y e r  3 7 . 7  
a c t i n g  a s  a  f la m e  h o l d e r .  T h u s ., C a s s e l  a n d  L ie b m a n  ( 8 1 ) ,  i n  •• V - ‘
T h i s  r a t i o ,  in t r o d u c e d  by. P i l l i n g  a n d  B e d w o r th  ( 7 9 )1 i s  t a k e n  
a s  a  m e a s u re  o f  t h e  o x i d e 1s  a b i l i t y  t o  p r o t e c t  t b e  m e t a l  f r o m ,  
f u r t h e r . o x i d a t i o n .  H o w e v e r ,  K o f s t a d  ( 8 0 )  h a s  p o i n t e d  o u t . t h a t  
t h e  P i l l i n g - B e d w o r t h  p r i n c i p l e  h a s  o n ly  l i m i t e d  a p p l i c a b i l i t y .  
S p e c i f i c a l l y , f o r  a l k a l i n e - e a r t h  m e t a l s , t h i c k  o x i d e / s c a l e & 7  7  
a r e  n o n - p r o t e c t i v e  b u t  d u r in g  t h i n  f i l m  o x i d a t i o n  t h e  o x i d e /  3  
i s
-  5 3  -
•9
t h e i r  s t u d y  o f  5 0 g m a g n e s iu m  p a r t i c l e s  b u r n in g  i n  a  1 2 0 0 ° K  
f u r n a c e ,  fo u n d  t h a t ,  a l t h o u g h  t h e  p a r t i c l e  b u r n e d  o u t  c o m p l e t e ly ,  
t h e r e  r e m a in e d  a . h o l l o w  o x id e  s h e l l  w hose d ia m e t e r  w as t w e n t y - f i v e  
p e r  c e n t  g r e a t e r  t h a n  t h e  d ia m e t e r  o f  t h e  o r i g i n a l  p a r t i c l e .
T h i s  h o l l o w  s h e l l  w as t h o u g h t  t o  b e  t h e  o r i g i n a l ,  p r e i g n i t i o n ,
o x id e  c o a t i n g .  A s i m i l a r  p h e n o m e n o n  w as o b s e r v e d  b y  F a s s e l  - - i
e t  a l .  ( 82) f o r  t h e  c o m b u s t io n  o f  m a g n e s iu m /a lu m in iu m , a l l o y
p a r t i c l e s .  W i t h  s m a l l e r  p a r t i c l e s ,  l e s s  t h a n  4 4 d ia m e t e r
i n  G o r d o n 's  ( 83) s t u d y ,  -  c o m b u s t io n  t a k e s  p la c e ,  b y  a  f a s t
d i f f u s i o n  f la m e  m e c h a n is m 'a n d  t h e  s u r f a c e  o f  t h e  b u r n in g
p a r t i c l e  i s  r e l a t i v e l y  c l e a n .  .
A t  h ig h  r a t e s  o f  h e a t  t r a n s f e r ,  a  l a r g e ,  p a r t i c l e ,  w h ic h  
i s  b u r n in g  b y  t h e  s lo w  d i f f u s i o n  f la m e  m e c h a n is m , c a n  b o i l  a n d  
p e r f o r a t e  o r  s h a t t e r  t h e  o x id e  f la m e  h o l d e r ;  t h e  h o t  d r o p l e t s .  TO • 
o f  m e t a l  t h e n  e a c h  s u p p o r t  t h e i r  own f a s t  d i f f u s i o n  f la m e  ( 7 7 ) •
D i s s o l v e d  g a s  i n  t h e  m e t a l  i n c r e a s e s  t h e  p o s s i b i l i t y  o f  f r a g m e n t a t i o n  ( 83) ]
*• • :1
I n  p h o t o g r a p h ic  s t u d i e s  o f  s i n g l e  p a r t i c l e  c o m b u s t io n  - .j
( 8 1 , 82 , 83 , 84) n e b u lo u s  t r a c k s  o n  t h e  f i l m ,  c o m b in e d  w i t h  h i g h .  j
b u r n i n g - r a t e s  a r e  t a k e n  a s  e v id e n c e  o f  s lo w  d i f f u s i o n  f la m e  
c o m b u s t io n  ( t h e  p r e - i g n i t i o n  r e a c t i o n  i s  o b s e r v e d  a s  a  d u l l  r e d  
l i n e ) .  T h e  t r a j e c t o r i e s  o f  t h e  p a r t i c l e s  a r e  o f t e n  fo u n d  t o  h e  
e r r a t i c  a n d  t o  e n d  i n  a  f r a g m e n t a t i o n  s t a r ,  t h e  l a t t e r  i n d i c a t i n g  
s h a t t e r i n g  o f  t h e  o x id e  c o a t i n g .  S m a l le r  p a r t i c l e s  b u r n in g  w i t h  '%
a  f a s t  d i f f u s i o n  f la m e  a p p e a r  a s  s i n g l e  b r i g h t  s p o t s  o n  t h e  f i l m .  t
5 - 2 . 2 .  E x p e r i m e n t a l  O b s e r v a t io n s  o f  P a r t i c l e  a n d  R ib b o n  C o m b u s t io n  j
( a )  B u r n in g - T im e s  o f  S i n g l e  M a g n e s iu m  P a r t i c l e s
B u r n i n g - t im e s  f o r  s i n g l e  m a g n es iu m  p a r t i c l e s  h a v e  .b e e n  
m e a s u re d  b y  G o rd o n  ( 83)  a n d  b y  G a s s e l  a n d  L ie b m a n  ( 8 1 ) .  G o rd o n  •>
e m p lo y e d  t h e  t e c h n iq u e  o f  i g n i t i n g  t h e  p a r t i c l e s  i n  a  n a t u r a l  
g a s / a i r  p i l o t  f la m e  a n d  a l l o w i n g  t h e  p a r t i c l e s  t o  b u r n  i n  a n  * «
o x y g e n - r i c h  a tm o s p h e r e  w h ic h  w as a t  a  t e m p e r a t u r e  o f  a  fe w  
h u n d r e d  ° C .  T h e  b u r n i n g - t i m e ,  t ,  m i l l i s e c o n d s ,  f o r  p a r t i c l e s  . 7
w i t h  d ia m e t e r s ,  d ,  m ic r o n s ,  i n  t h e  r a n g e  4 4  t o  4 2 0  g f i t t e d  1
t h e  e q u a t i o n
l o g  t  =  2-56 l o g  d  -  4 . y 8
F o r  5 0 p  a n d  1 2 0  p a r t i c l e s ,  G o r d o n 's  e q u a t i o n  g iv e s  • ft' 
b u r n i n g - t i m e s  o f  t h e  sam e o r d e r  a s  th o s e  m e a s u re d  b y  C a s s e l  a n d  
L ie b m a n  ( 8 1 )  f o r  s i m i l a r  p a r t i c l e s  i n  p u r e  o x y g e n  a t ■'. i 2 0 0 ° K T r i -  
C lo s e - a g r e e m e n t  ■■is : n o t .  t o  b e  e x p e c t e d  b e c a u s e  o f  t h e  d i f f e r e n t  7  
t h e r m a l  a n d  c h e m ic a l  e n v ir o n m e n t s  u s e d  f o r  c o m b u s t io n  i n  t h e  .7" •. '
tw o  c a s e s .  ' . ... 7  y - 7 .7
C 'a s s e l a n d  L ie b m a n  ( l o c . c i t . )  m e a s u re d  b u r n i n g  t im e s  
o f  1 * 85 , 1 * 7 5  a n d  1*30 . ms f o r  a  / p a r t i c l e  i n  a i r  , o x y g e n /a r g o n  r 
a n d  o x y g e n /h e l iu m :  r e s p e c t i v e l y ,  t h e  t o t a l  p r e s s u r e  .b e in g  1 a tm o s p h e r e  
a n d  t h e  o x y g e n  o n e  p a r t  i n  f i v e  i n  e a c h  c a s e .  T h e s e  b u r n i n g - t i m e s  
.. s u g g e s te d  t o  t h e  a u t h o r s  t h a t  t h e  o v e r a l l  r e a c t i o n  is :;  g o v e r n e d  7 7  • - .. 
b y  t h e  r a t e  o f  d i f f u s i o n  o f  o x y g e n  a to m s  i n  a i r ,  o x y g e n  o r  
o x y g e n /a r g o n  a tm o s p h e r e s , ,  a n d  o f  o x y g e n  m o le c u le s  i n  a n  • 
o x y g e n /h e l iu m  a t m o s p h e r e .  .-\.:77 ' - - 7 7 7v' ‘ - . 7  -
■ (b ) T h e  C o m b u s t io n  o f  M a g n e s iu m  R ib b o n s  7 : , ->*‘ 7  ■
T h e  c o m b u s t io n  o f  m a g n e s iu m  r i b b o n s  h a s  b e e n  t h e  s u b je c t  
o f  s e v e r a l  i n v e s t i g a t i o n s ; ( 7 5 , 8 5 , 8 6 ) .  T h e  r a t e  o f  c o m b u s t io n  7  
w as fo u n d  t o  i n c r e a s e  w i t h  b o t h  t o t a l  a m b ie n t  p r e s s u r e , ; P , :  a n d  7  
w i t h  o x y g e n  m o le  f r a c t i o n ,  X 02 , i n  t h e  a m b ie n t  a tm o s p h e r e j  . t h e  7 /  
. l a t t e r  d e p e n d e n c e  i n d i c a t e d  t h a t  g a s g o u s  d i f f u s i o n  w as r a t e  . ; 7  ... 
• d e t e r m in i n g .  H o w e v e r ,  f o r  P  g r e a t e r  t h a n  6  * 5  a tm  a n d . ■ 4
l e s s  t h a n  0 * 5 5 j c o m b u s t io n  w as fo u n d  ( 85) t o  b e  i n h i b i t e d  b y  . .v;/ . 
a n ,  im p e r v io u s  c y l i n d e r  o f  o x id e  w h ic h  g re w  a r o u n d  t h e  r i b b o n  ’• 7 .7 : , 
d u r in g ,  c o m b u s t io n .  T h e  .s p e c t r u m  e m i t t e d  b y  t h e  b u r n in g  w i r e  to?7 :- 
w as a l s o  fo u n d  ( 85) t o  b e  a  f u n c t i o n  o f  P  a n d  X q ^ *  7 7 5': ■ V.:
: • C o f f i n  o b s e r v e d  ( 86)  t h a t  t h e  r a t e  i n  o x y g e n / n i t r o g e n
a tm o s p h e r e s  w as  g r e a t e r  t h a n  i n  o x y g e n /a r g o n  o r  o x y g e n /h e l iu m  ,7  . 
a tm o s p h e r e s ,  t h e  h e l iu m  d i l u e n t  g i v i n g  t h e  s lo w e s t  r a t e  7--f;'
( c f .  s e c t i o n  3 - 2 . 2 ( a ) ) .  T h e  f o r m a t io n  o f  M g^N^ w as th o u g h t  
t o  t a k e  p la c e  i n  o x y g e n / n i t r o g e n .  -  T h e  b u r n i n g - r a t e  w as  
i n c r e a s e d  b y  t h e  p r e s e n c e  o f  w a t e r  v a p o u r .  H o w e v e r , . C o f f i n ’ s  7  7
d a t a  h a s  b e e n  c r i t i c i s e d  b y  B r z u s t o w s k i  a n d  G la s s m a n  ( 85)  o n  . v 
t h e  g ro u n d s  t h a t  i g n i t i o n  p h e n o m e n a  w e re  n o t  d i s t i n g u i s h e d  ■ 
f r o m  t h e  c o m b u s t io n  p r o c e s s  p r o p e r :  t h e  s p e e d  a t  w h ic h  th e -  
i g n i t i o n  w av e  s p r e a d  a lo n g  t h e  w i r e  w as show n b y  B r z u s t o w s k i  
a n d  G la s s m a n  ( l o c . c i t . )  t o  b e  a  s t r o n g  f u n c t i o n  o f  X O g .
M e l l o r  a n d  G la s s m a n  ( 87 )  fo u n d  t h a t  m a g n e s iu m  r i b b o n s  
w o u ld  n o t  b u r n  i n  c a r b o n  d i o x i d e / a r g o n  a tm o s p h e r e s  a n d .s u g g e s t e d ,  
a s  a  r e a s o n ,  t h e  f o r m a t io n  o f  a  c a r b id e  o n  t h e  s u r f a c e  o f  t h e  
r i b b o n .  I n  c a r b o n  d i o x i d e / o x y g e n  a tm o s p h e r e s ,  c o m b u s t io n  w as  
fo u n d  t o  t a k e  p l a c e  o v e r  n a r r o w e r  p r e s s u r e  a n d  X q 2 l i m i t s  
t h a n  i n  o x y g e n /a r g o n  a tm o s p h e r e s ,' b u t  r a p i d  b u r n i n g  o c c u r r e d  
f o r  P g r e a t e r . t h a n  2 0 0  t o r r  a n d  X q 2 g r e a t e r  t h a n  0 * 3 .  T h e  to  
c o m b u s t io n  p r o d u c t s  c o n s i s t e d  o f  m a g n e s iu m  o x id e  a n d  c a r b o n .
No s p e c t r a l  b a n d s  o f  C ^ , CO^ o r  CO w e re  o b s e r v e d  i n  t h e  f la m e  
s p e c t r a  a n d  i t  w as s u g g e s t e d  t h a t  CO^ r e a c t e d  h e t e r o g e n e o u s ly  
w i t h  t h e  m e t a l .  ‘
3 - 2 . 3 *  M o d e l f o r  M a g n e s iu m  P a r t i c l e  C o m b u s t io n
T h e  b u r n i n g - t i m e ,  t ^ ,  o f  a  h y d r o c a r b o n ,  l i q u i d  d r o p l e t
i s  kn o w n  ( 38) t o  b e  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  d r o p l e t ' s
i n i t i a l  d ia m e t e r ,  r  :
0  .
t „  =  c o n s t a n t  r ^
B o •
  (}-':)
F o r  c o m b u s t io n  i n  a n  e n v ir o n m e n t  c o n t a i n i n g  a n  u n l i m i t e d  s u p p ly
—2 \ ■'
o f  o x y g e n , t h e  c o n s t a n t  i s  o f  t h e  o r d e r  100-200 s  cm ( 88) 
f o r  h y d r o c a r b o n  d r o p l e t s .  T h e  m o d e l f o r  d r o p l e t  c o m b u s t io n  
I s  show n i n  f i g .  5- 1 • E s s e n ig h  a n d 'F e l l s  ( 88) h a v e  p o i n t e d  
o u t  t h a t  e q t .  ( 3- 1 ) w i l l  b e  v a l i d  i f  t h e  c o m b u s t io n  r a t e  i s  
c o n t r o l l e d  b y  e i t h e r  t h e  in w a r d  d i f f u s i o n  o f  o x y g e n  o r  h e a t  
t r a n s f e r  t o  t h e  d r o p l e t  s u r f a c e ,  p r o v id e d  r / a  i s  c o n s t a n t .  '
C o f f i n  ( 86) s u g g e s te d  t h a t  a  s i m i l a r  m o d e l s h o u ld  a p p ly  
t o  t h e  c o m b u s t io n  o f  a  m e t a l  p a r t i c l e .  B r z u s t o w s k i  a n d  G la s s m a n  ( 89) ,  
h o w e v e r ,  h a v e  p o i n t e d  o u t  t h a t  C o f f i n  n e g le c t e d  t h e  i m p o r t a n t
7 - v5 6 -
f e a t u r e s  w h ic h  d i s t i n g u i s h  m e t a l  p a r t i c l e  c o m b u s t io n  f ro m  t h e  
c o m b u s t io n  o f  a  (m o re  v o l a t i l e )  h y d r o c a r b o n  d r o p l e t .  I n  "
p a r t i c u l a r ,  c o n d e n s e d  o x id e  i s  a lw a y s  p r e s e n t  i n  t h e  f l a m e -  . , :i-
z o n e  s u r r o u n d in g  a  b u r n in g  m e t a l  p a r t i c l e .  I t s  p r e s e n c e  7 / 7 ' ' " 7  
t h e r e  a f f e c t s  t h e  in w a r d ,  d i f f u s i o n  o f  o x y g e n  s i n c e  t h e  /  ' - -7'
s o l i d  o x id e  c a n  o n l y  b e  c o n v e c t e d  aw ay w i t h  v
o f  t h e  g a s .  T h e  p r e s e n c e  o f  o x id e  i n  t h e  f l a m e - z o n e  m a ke s  
t h e r m a l  r a d i a t i o n  im p o r t a n t  f o r  b o t h  m e t a l  e v a p o r a t i o n  a n d  
h e a t  l o s s  f r o m  t h e  ;• f la m e  t o  /  t h e  s u r r o u n d in g s .  F i n a l l y , t h e  , 7 ; j ; . 
e v a p o r a t i o n  r a t e  o f  t h e  m e t a l  m ay n o t  b e  f a s t  c o m p a re d  w i t h  /  
t h e  d i f  f u s i o n  p r o c e s s e s  o c c u r r i n g  i n  t h e  g a s  p h a s e *  : TO :-'-/. 'T O /T /- '
B r z u s t o w s k i  a n d  G la s s m a n  ( 89) o b t a in e d  f o r  m a g n e s iu m  
p a r t i c l e  c o m b u s t io n ,  s o l u t i o n s  t o  t h e  s e t  o f  e q u a t io n s  7 '.7■,■7/7' 
g o v e r n in g  t h e  f i v e  t r a n s f e r  p r o c e s s e s  i n  f i g .  5 - 1  • T h e y  , .
as su m e d  t h a t  t h e  s t o i c h i o m e t r y  o f  f u e l  a n d  o x y g e n  b a la n c e d  .I -: 7 7 '  ■ 
i n  t h e  f l a m e - z o n e  a n d  t h a t  t h e  f la m e - z o n e  w as t h i n .  T h e  " 7 7 7
l a t t e r  a s s u m p t io n  i m p l i e s  t h a t  t h e  g a s e o u s  r e a c t i o n  i s  f a s t  7 :;7/,.7 
c o m p a re d  w i t h  d i f f u s i o n  O f r e a c t a n t s  i n t o  t h e  r e a c t i o n - z o n e .
7' T h e  s o l u t i o n s  sh o w e d  t h a t ,  f o r  a  g iv e n  m o le  f r a c t i o n  o f  ;•. 
o x y g e n , X q ^ ,  I n  t h e  a m b ie n t  a tm o s p h e r e ,  t h e  c o n s t a n t  i n  e q t .  ( 5- 1 ) 
.w as,.' i n  g e n e r a l ,  a  f u n c t i o n  o f  p a r t i c l e  s i z e  a n d  h e a t  t r a n s f e r .  / 
T h e  b u r n i n g - r a t e  w as fo u n d  t o  b e  a lm o s t  p r o p o r t i o n a l  t o  X q 2 7 / . ;, 7 '  
f o r  h ig h  X 0 2 , b u t  i n  a  l e s s  r e a c t i v e  a tm o s p h e r e  t h e  b u r n i n g - r a t e  . 
d e c r e a s e d  l e s s  . r a p i d l y  t h a n  X q  . ■ / '  . 7  . / /  ' ’ / 7  7 7 :7 :7 ;  7 7/  7 ' /*; d. J ’ " ‘ '7/: * - 7.'
W it h  i n c r e a s i n g  X q ^  i n  t h e  a tm o s p h e r e , i t  w as  p r e d i c t e d  
t h a t  t h e  f l a m e - z o n e  a t  r _  w o u ld  m ove c l o s e r  t o  t h e  s u r f a c e  o f.‘to-*"  ^ .D ■ ^ ''./*• 7. ' 7, ' 7? .*’• ’;7x;'7-*l
t h e  p a r t i c l e .  I t  w as .a ls o ;  show n t h a t  a  m in im um  v a l u e  o f  X q ^. 
e x i s t s ,  b e lo w  w h ic h  v a p o u r - p h a s e  c o m b u s t io n  i s  n o t  p o s s i b l e  7 ;  
a n d  s lo w  s u r f a c e  o x i d a t i o n  o c c u r s .  T h e  e x i s t e n c e  o f  a  m in im u m  • .
X q  w as r e l a t e d  t o  t h e  f a c t  t h a t  w hen  T „  ( f i g .  5 - 1 )  f a l l s  b e lo w
2  ' ‘o' ‘ ” 7 v  7  ’• 3; 7- /  :
a  c e r t a i n  v a l u e ,  no  o x id e  i s  i n  t h e  v a p o u r - s t a t e  i n  t h e  f la m e  7 7
z o n e ,  so  t h a t  o u tw a r d  d i f f u s i o n  o f  o x id e  c a n n o t  o c c u r . ( I n  p r a c t i c e ,
g r a v i t y ,  c o n v e c t io n  o r  c o l l i s i o n s  b e tw e e n  p a r t i c l e s  w o u ld  h e l p
i n  re m o v in g  c o n d e n s e d  o x i d e ) .  7  : 7 7 .  7 7 7 7  /  7 7 7 7 . .7 7 7
T h e  q u a l i t a t i v e  p r e d i c t i o n s  o f  t h e  l a s t  p a r a g r a p h :a r e  - 
i n  a g re e m e n t  w i t h  e x p e r i m e n t a l  o b s e r v a t io n s  o f  t h e  c o m b u s t io n ,  
o f  m a g n e s iu m  r i b b o n s  ( 85) .  H o w e v e r ,  a l t h o u g h  i t  g iv e s  t h e  " 
g r o s s  f e a t u r e s  o f  c o m b u s t io n  t h e  a  p r i o r i  m o d e l o f  B r z u s t o w s k i  
a n d  G la s s m a n  ( 89)  h a s  c e r t a i n  l i m i t a t i o n s .  T h e  c a l c u l a t e d  
b u r n i n g - t i m e s  o f .  m a g n e s iu m  p a r t i c l e s  a r e  m uch l o n g e r  t h a n  t h e  
v a lu e s  d e t e r m in e d  e x p e r i m e n t a l l y  ( s e c t i o n  2 - 2 . 2 a ) .  T h i s  ;c o u ld  
b e  d ue t o  t h e  n e g l e c t ,  i n . t h e  m o d e l ,  o f  b a c k  d i f f u s i o n  o f  
o x id e  t o  t h e  m e t a l  p a r t i c l e  s u r f a c e ;  i n c l u s i o n  o f  t h i s  e f f e c t  
i s  s a i d  ( 90) t o  i n c r e a s e  t h e  c a l c u l a t e d  b u r n in g  t im e s  b y  a  
f a c t o r  o f  a b o u t  f o u r .
I n  f a c t , a t  a  g iv e n  X 02 a&cl f o r  t o t a l  p r e s s u r e s  l e s s  
t h a n  10 a tm o s p h e r e s ,  t h e  c o n s t a n t  f o r  e q t .  ( 3- 1 )  w as fo u n d  ( 89)  /  
t o  b e  a lm o s t  in d e p e n d e n t  o f  p a r t i c l e  s i z e  f o r  m a g n e s iu m  p a r t i c l e s
w i t h  d ia m e t e r s  i n  t h e  r a n g e  1 0 - 1 0 0 m » M a c e k  e t  a l .  ( 9 1 )  h a v e
r e m a r k e d  t h a t  e x p e r i m e n t a l l y  d e t e r m in e d  b u r n i n g - t i m e S  o f  , 
b e r y l l i u m  p a r t i c l e s ,  o f  d ia m e t e r s  2 5 m 32 m ? c o u ld  b e
c a l c u l a t e d  w i t h  a  d i f f u s i o n  e q u a t i o n  i n  w h ic h  e i t h e r  t^ / v^  w as
c o n s t a n t  o r  r ^  w as c o n s t a n t  ^  P  =  5  a t m ) .  I t  i s
o f  i n t e r e s t  t o  n o t e  t h a t  W i ls o n  ( 9 2 ) ,  who s t u d ie d  6 0 m  a lu m in iu m  
p a r t i c l e s  i g n i t e d  b y  a  l a s e r ,  fo u n d  r e m a in e d  c o n s t a n t  •
d u r in g  t h e  c o m b u s t io n  h i s t o r y  o f  a  s i n g l e  p a r t i c l e .
T h e  a s s u m p t io n  o f  a  t h i n  ( c o l l a p s e d )  r e a c t i o n - z o n e  a t  
B ( f i g . .  3 - 1 )  h a s  b e e n  q u e s t io n e d  b y  S u l l i v a n ,  G o u ld in  a n d  
G la s s m a n  ( 9 3 )  w h o , o n  t h e  e v id e n c e  f ro m  t i m e - r e s o l v e d  s p e c t r a  
a n d  p h o t o g r a p h ic  o b s e r v a t i o n s  o f  f la m e s  o f  a l k a l i - m e t a l s  i n  
o x y g e n /a r g o n  m i x t u r e s ,  s u g g e s te d  t h a t  t h e  r e a c t i o n - z o n e  m ay  
e x t e n d  a s  f a r  a s  t h e  m e t a l  s u r f a c e .
3 - 2 . 4 .  V a p o u r -p h a s e  R e a c t io n s
I n  t h e  v a p o u r - p h a s e  r e a c t i o n - z o n e  s u r r o u n d in g  a  b u r n in g  
p a r t i c l e  o r  r i b b o n ,  a  f i n e  o x id e  sm oke i s  o b s e r v e d .  I t  i s  n o t  
c l e a r  w h e t h e r ,  o n c e  o x id e  o r  o t h e r  c o n d e n s a t io n  n u c l e i  a r e  
fo r m e d ,  f u r t h e r  c o n d e n s a t io n  i s  h o m o g e n e o u s -o r  h e t e r o g e n e o u s .
4; . .
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A c c o r d in g  t o  C a s s e l  a n d  L ie b m a n  ( 8 1 )  t h e  p r o b a b le  r e a c t i o n s  
i n v o l v e d  i n  t h e s e  tw o  r o u t e s  t o  c o n d e n s a t io n  a r e ,  a t  3000° K ,
• : Mg ( g )  +  0 ;  — ► MgO ( g )  +  r 9 4  K c a l  . . . . . .  3
. • 4 - ' • ,  MgO ( g )  — ►MgO ( s )  +  1 3 9  K c a l  . . . . .  3
,:v 7 ;- +  '■ : > 0 ^  — > 2 , 0  ' -  1 2 3  K c a l  . . . . .  3
and"' ' . .  — •< . • / '/-. !
Mg ( g )  +  0 ?_ — ►MgO ( s ) + 0 +  1 1 0  K c a l  . . . . .  3
Mg ( g )  + 0  — ►MgO ( s )  +  2 3 3  K c a l  . . . . .  3
T h e  r e a c t i o n  o f  m a g n e s iu m  v a p o u r  w i t h  0 2 i s  2 9  k c a l  e n d o t h e r m ic  foY 
a t  3 0 0 Q °K  a n d  c a n n o t  b e  o f  p r i m a r y  im p o r t a n c e .  • . „■ r
M a r k s t e i n  ( 2 1 )  " h a s  c o n te n d e d  t h a t  h e t e r o g e n e o u s  7 3  7 ' / T - 7 '• >
■' 7  c o n d e n s a t io n , w h ic h ., w as  o b s e r v e d  i n  t h e  l o w - p r e s s u r e ; f la m e  717 .:7  ; .
( s e c t i o n  3- 1 ) ' ,  i s  a l s o  t h e  p r e d o m in a n t  r o u t e  a t  h i g h e r  a m b ie n t ; / ; / '  . . •- /
p r e s s u r e s .  H e a r g u e d  t h a t  u n d e r  t h e  m o st f a v o u r a b l e  c o n d i t i o n ,  
f o r  h o m o g e n e o u s  c o n d e n s a t io n ,  t h e  r a t e  o f  3- l a  i s  so  l a r g e  7  7  3  ‘ /. /
c o m p a re d  t o  t h e  r a t e  o f  3 - I b  t h a t  MgO ( g )  i s  p r e s e n t  i n  3 7 ' 3  . -.V' • 7
th e rm o d y n a m ic  e q u i l i b r i u m  w i t h  t h e  g a s e o u s  r e a c t a n t s . ’ : • - ’ 3  ' ;7 • 7
H o w e v e r ,  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  MgO ( g )  i s  v e r y  ; j
: s m a l l .  ( 1 * 2 . . 1 0  ~  a tm  a t -  3 0 0 0 ° K )  so  t h a t , e v e n  i f  t h e  c o l l i s i o n  3 3 7 . , |
e f f i c i e n c y  f o r  r e a c t i o n  3- l b  w e re  m uch h i g h e r  t h a n  t h e  '; ‘3 7 7 :7 7 7 %. <3 !
e f f i c i e n c y ,  f o r  3 - 1 1  v t h e  l a t t e r  r e a c t i o n s  w o u ld  b e  f a v o u r e d v  3  / 3  7 /  -J
b e c a u s e  MgO ( g )  i s  p r e s e n t  i n  m uch s m a l l e r  q u a n t i t i e s  t h a n  - 3 . /  7 7 ;  7 .3  3 |
Mg ( g )  a n d  0 2 » On t h e  o t h e r  h a n d ,  i f ' t h e  r a t e s  o f  3 - l a  a n d  V 7 v  ’ 7 j
3 - I b  w e r e  c o m p a r a b le ,  t h e  c o n c e n t r a t i o n  o f  MgO ( g )  w o u ld  f a l l  
b e lo w  t h e  e q u i l i b r i u m  v a l u e  so  t h a t  t h e  h o m o g e n e o u s  c o n d e n s a t io n  
r o u t e  w o u ld  b eco m e e v e n  l e s s  f a v o u r a b l e . ,  7  7 / 7 3 :% 3 ’7  7  3
■■'.‘. 77 -. • H o w e v e r ,  some, d o u b t  w as  c a s t  o n  t h e  im p o r t a n c e  o f  t h e  / •  •; ' ' J
h e t e r o g e n e o u s  r o u t e  a t  h ig h  t e m p e r a t u r e s  b y  m o re  r e c e n t / / -  ’ ' . . ' ' 3 1
m e a s u re m e n ts  o f  M a r k s t e i n  ( 67) .  H e fo u n d  t h a t  t h e  c o l l i s i o n  \ 7 ' 3  • 
e f f i c i e n c y  o f  r e a c t i o n s .  3 ~ H  d e c r e a s e d  f r o m  a  v a l u e  O f  1 * 0  3 - 7 7  - 3-1
; : a t  4 i '0 ° k  t o  a  v a l u e  0  * 0 2  a t  8 4 0 ° K . H e p o i n t e  d o u t , h o w e v e r  , - • / '  • •< •
. t h a t  t h e ; . e f f i c i e n c y  m ay i n c r e a s e  a g a in  a t  h i g h e r  t e m p e r a t u r e s ,  ■ ; :' / / , J
; a - ' /v ie w /s u p p o r t e d  by. t h e .  p re d o m in a n c e  o f  h e t e r o g e n e o u s  r e a c t i o n 7  7 . 3 / / . 3 7 '7 / j  
i n  t h e  d i l u t e  d i f f u s i o n  f la m e  a t  1 0 0 0 ° K  ( s e c t i o n  3 - 1 )  * • 3 / \ 3  3 7 /  3 , ‘
- / l a  7
7.1b ' 3  ,. 
3  I c
-  I l a  . 
- l i b /
I f  t h e  h e t e r o g e n e o u s  r e a c t i o n s  3 - I I  a r e  i m p o r t a n t ,  
t h e  r a t e  o f  t h e s e  r e a c t i o n s ,  r a t h e r  t h a n  d i f f u s i o n ,  m ay  
b eco m e t h e  r a t e - c o n t r o l l i n g  s t e p  i n  t h e  r e a c t i o n - z o n e .  / V \
T h e  r e l a t i v e  im p o r t a n c e  o f  r e a c t i o n  r a t e  a n d  d i f f u s i o n  i s  
d e s c r ib e d  ( 2 1 )  b y  t h e  p a r a m e t e r  b L /D  w h e re  b  i s  t h e  ( f i r s t  y
o r d e r )  r e a c t i o n  r a t e ,  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a n d  L  
i s  a  c h a r a c t e r i s t i c  l e n g t h .  U s in g  t h e  s im p le  g a s - k i n e t i c  
t h e o r y  e x p r e s s io n s  f o r  D  a n d  f o r  t h e  c o l l i s i o n  f r e q u e n c y ,  3  • 
t h e  p a r a m e t e r  c a n  b e  w r i t t e n  a s  w h e re  7  i s  t h e  .*•
c o l l i s i o n  e f f i c i e n c y  a n d  X f  i s  t h e  m ean f r e e - p a t h .  A s s u m in g  
7 =  0 * 1 ,  t h e  t r a n s i t i o n  f r o m  d i f f u s i o n - c o n t r o l  t o  ( s u r f a c e ) ’ 
r e a c t i o n  r a t e  c o n t r o l  s h o u ld  o c c u r  a t  a  p a r t i c l e  s i z e  o f  
a p p r o x i m a t e l y  f o r t y  m ean  f r e e - p a t h s  ( 2 1 ) .
S t a t i o n a r y  F la m e s  o f  M e t a l l i c  D u s t s
B y  c a r r y i n g  m e t a l  p a r t i c l e s  i n  a  s t r e a m  o f  o x y g e n ,  i t  
i s  p o s s i b l e  t o  o b t a i n  a  s t a t i o n a r y  f la m e  o n  a  b u r n e r .  C a s s e l  
e t  a l .  ( 9 4 )  h a v e  e x a m in e d  f la m e s  o f  a  v a r i e t y  o f  d u s t s  a n d  h a v e  • 
n o t e d  t h a t  s u c h  f la m e s  r e s e m b le  B u n s e n - b u r n e r  t y p e  f la m e s  o f  
p r e m ix e d  g a s e s  i n  t h a t  a  w e l l - d e f i n e d  r e a c t i o n - z o n e  a n d  t h e  • 
p h e n o m e n a  o f  b l o w - o f f  a n d  f l a s h - b a c k . a r e  e x h i b i t e d .
I f  t h e  p a r t i c l e s  a r e  l a r g e ,  t h e  w id t h  o f  t h e  r e a c t i o n
z o n e  o f  a  d u s t  f la m e  m ay b e  c a l c u l a t e d  b y  a s s u m in g  t h a t  t h e  m ean
r a t e  o f  o x y g e n  d i f f u s i o n  c o n t r o l s  t h e  b u r n i n g - t i m e  o f  a n y  One
p a r t i c l e .  T h u s ,  C a s s e l  e t  a l . . ( l o c . c i t . )  c a l c u l a t e d  a  r e a c t i o n -
z o n e  w id t h  o f  2»5cm  f o r  a  d u s t  co m posed  o f  25/ t  a lu m in iu m
p a r t i c l e s .  B u r n in g  v e l o c i t i e s ,  r e f e r r e d  t o  t h e  u n b u r n t
a lu m in iu m  p o w d e r / a i r  m i x t u r e ,  w e re  fo u n d  t o  i n c r e a s e  w i t h
c o n c e n t r a t i o n  f o r  c o n c e n t r a t i o n s  o f  a to m is e d  a lu m in iu m
7 -1
( 0 - 4 0 / a d ia m e t e r  p a r t i c l e s )  i n  t h e  r a n g e  1 2 0 - 2 1 0  mg 1  .•• V 4"-''
- I  . . * "
A b u r n in g  v e l o c i t y  o f  25cm  s w as o b s e r v e d  f o r - a  d u s t
-1
c o n c e n t r a t i o n  o f  2 1 0  mg 1  . T u r b u le n c e  i n c r e a s e d  t h e  b u r n i n g ..
v e l o c i t y  t o  s e v e r a l  m e t r e s  p e r  s e c o n d  s in c e  t r a n s p o r t  p r o p e r t i e s  
w e re  in c r e a s e d :  t h e  d u s t  f l a m e ,  w h ic h  w as a  t r u e  d i f f u s i o n  f l a m e ,  
u n d e r  c o n d i t i o n s  o f  l a m i n a r  f l o w ,  a p p r o x im a t e d  t o  t h e  t u r b u l e n t  
f la m e  o f  p r e m ix e d  g a s e s  w h en  t h e  s c a l e  o f  t u r b u l e n c e  w as  
c o m m e n s u ra te  w i t h  t h e  r e a c t i o n - z o n e  t h ic k n e s s *
-  60 -
W it h  s m a l l  a lu m in iu m  p a r t i c l e s  ( l e s s  t h a n  1 0 /U .) ,
C a s s e l  e t  a l .  o b s e r v e d  f la m e s  w h ic h  h a d  a  n a r r o w  c o n i c a l  
r e a c t i o n - z o n e  s i m i l a r  t o  t h a t  o f  a  p r e m ix e d  l a m i n a r  g a s  
f l a m e .  S m a l l  m e t a l  p a r t i c l e s  w o u ld  b e  e x p e c t e d  t o  e v a p o r a t e  
c o m p le t e ly  i n  t h e  p r e h e a t - z o n e  i n  t h e  sam e w ay  t h a t  t h e  10 
k e r o s e n e  d r o p l e t s  d i d  i n  t h e  b u r n e r  f la m e s  o f  s p r a y s  s t u d i e d  
b y  B u rg o y n e  a n d  C o h e n  ( 9 5 )  and- W o l f h a r d  a n d  P a r k e r  ( 96) .
T h e  b u r n in g  v e l o c i t i e s  o f  a lu m in iu m  d u s t  f la m e s  w e re  
fo u n d  ( 97 ) t o  d e p e n d  o n  t h e  b u r n e r  a r e a ,  t h u s  i n d i c a t i n g  t h a t  . ’ 
r a d i a t i v e  t r a n s f e r  f ro m  f la m e  t o  u n b u r n t  m i x t u r e  i s  i m p o r t a n t .
C a s s e l  e t  a l .  ( 9 7 )  h a v e  c a l c u l a t e d  t h a t  a b o u t  o n e  t h i r d  o f  t h e  
e n e r g y  u s e d  i n  p r e h e a t i n g  t h e  u n b u r n t  m i x t u r e  i s  r a d i a n t  e n e r g y .
I n  t h e  c a s e  o f  g r a p h i t e  d u s t s ,  t h e  f r a c t i o n  i s  m uch h i g h e r  
b e c a u s e  o f  t h e  g r e a t e r  a b s o r p t i v i t y /  o f  t h i s  f u e l .
T h e  I g n i t i o n  o f  P a r t i c l e s  a n d  R ib b o n s
J ' ' *
T h e  p r e - i g n i t i o n  a n d  i g n i t i o n  p r o c e s s e s  m u s t b e  
d i s t i n g u i s h e d  f ro m  t h e  s t e a d y - s t a t e  c o m b u s t io n  d is c u s s e d  so  f a r .
T h e  p r e - i g n i t i o n  r e a c t i o n s  a r e  v i s u a l i s e d  ;a s  h e t e r o g e n e o u s  
s u r f a c e  r e a c t i o n s  ( 98) .  T h e  p a r t i c l e  i g n i t e s  w h en  t h e  r a t e  
o f  h e a t  p r o d u c t i o n  b y  s u c h  r e a c t i o n s  e x c e e d s  t h e  l o s s  o f .  h e a t  
b y  c o n d u c t io n  t o  t h e  s u r r o u n d in g s .  C a s s e l  a n d  L ie b m a n  ( 9 8 ) 7  
d e f i n e d  .th e  i g n i t i o n  t e m p e r a t u r e  a s  t h e  f u r n a c e  t e m p e r a t u r e  
n e c e s s a r y  t o  a c h ie v e  t h e ' i g n i t i o n  o f  a  p a r t i c l e  o f  g iv e n  s i z e ,  ■
a n d , o n  t h a t  b a s i s ,  fo u n d  t h a t  a  5 0 p  . m a g n e s iu m  p a r t i c l e  H a d -   .......
a n  i g n i t i o n  t e m p e r a t u r e  o f  923°K  a n d  a  1 5 /+ p a r t i c l e  1053° K .
T h e  i g n i t i o n  t e m p e r a t u r e  o f  s m a l l e r  p a r t i c l e s  w o u ld  b e  e x p e c t e d  
t o  i n c r e a s e  r a p i d l y  w i t h  d e c r e a s in g  s i z e  b e c a u s e  o f  t h e  s t e e p e r  
t e m p e r a t u r e  g r a d i e n t  a t  t h e  s u r f a c e  o f  s m a l l  p a r t i c l e s .  T h a t  
h e t e r o g e n e o u s  r e a c t i o n s  a t  t h e  p a r t i c l e  s u r f a c e  w e re  r a t e - c o n t r o l l i n g  
a s  f a r  a s  i g n i t i o n  w as .c o n c e r n e d ,  w as c o n f i r m e d  b y  t h e  o b s e r v a t i o n  
t h a t  i g n i t i o n  t e m p e r a t u r e s  i n  o x y g e n  a n d  a i r  w e re  s i m i l a r .
C lo u d s  o f  m a g n e s iu m  p a r t i c l e s  w e re  fo u n d  ( 9 8 , 9 9 , 1 0 0 )
t o  h a v e  lo w e r  i g n i t i o n  t e m p e r a t u r e s  t h a n  t h e  i n d i v i d u a l  p a r t i c l e s ,
t h e  i g n i t i o n  t e m p e r a t u r e  f a l l i n g  a s  t h e  p a r t i c l e . ,  c o n c e n t r a t i o n
-1  3
i n c r e a s e d .  F o r  c o n c e n t r a t i o n s  b e lo w  a b o u t - 1 0 0  mg 1  , m o n o d is p e rs e
c lo u d s  o f  l a r g e  p a r t i c l e s  h a d  l o w e r  i g n i t i o n  t e m p e r a t u r e s  t h a n
. • 7  - 1
c lo u d s ,  o f  s m a l l e r  p a r t i c l e s ;  f o r  c o n c e n t r a t i o n s  a b o v e  100 mg 1 / -  -' 
c lo u d s  o f  s m a l l  p a r t i c l e s  h a d  t h e  lo w e r  i g n i t i o n  e n e r g i e s 7 f o r  
a  g iv e n  m ass c o n c e n t r a t i o n  ( 9 8 ) .  T h i s  o b s e r v a t i o n  h a s  b e e n  7  
e x p l a in e d  b y  C a s s e l  a n d  L ie b m a n  a s  f o l l o w s :  i n  a  c l o u d ,  h e a t  
l o s s  b y  b o n d u c t io n  f r o m  e a c h  i n d i v i d u a l  p a r t i c l e  i s  r e d u c e d  . 
b e c a u s e  o f  t h e  p r o x i m i t y  o f  o t h e r  h e a t - g e n e r a t i n g  p a r t i c l e s ,  
a n d  t h i s  r e d u c e s  t h e  i g n i t i o n  t e m p e r a t u r e  o f  t h e  c lo u d  a s  a  
w h o le .  S u c h  a  c o - o p e r a t i v e  m e c h a n is m  w o u ld  o b v io u s l y  i n c r e a s e  
w i t h  t h e  m ass c o n c e n t r a t i o n  f o r  p a r t i c l e s  o f  a  .g iv e n  s i z e .  , - 
H o w e v e r ,  t h e  i n c r e a s e  w i t h  m ass c o n c e n t r a t i o n  w o u ld  b e  s t e e p e r  
f o r  c lo u d s  o f  f i n e  p a r t i c l e  t h a n  f o r  c lo u d s  o f  c o a r s e , p a r t i c l e s ,  
so  t h a t  t h e  i g n i t i o n  t e m p e r a t u r e / c o n c e n t r a t i o n  c u r v e s  i n  t h e  
tw o  c a s e s  i n t e r s e c t .
T h e  m in im u m  c o n c e n t r a t i o n  o f  m a g n e s iu m  r e q u i r e d  f o r
i g n i t i o n  ,i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  s i z e  a n d  i s  a b o u t  
• — \
2 5  mg 1  f o r  f i n e . p a r t i c l e s  ( 9 8 , 9 9 ) *  A t  t h i s  lo w  c o n c e n t r a t i o n  
i g n i t i o n  o r i g i n a t e s  i n  i s o l a t e d  f l a m e l e t s  w h ic h ' th e n ,  e n g u l f  t h e  
w h o le  c lo u d  ( 9 8 ) .  T h e  m in im u m  o x y g e n  c o n c e n t r a t i o n  n e c e s s a r y  t o  
s u p p o r t  c o m b u s t io n , i n  o x y g e n / n i t r o g e n  m i x t u r e s  i s  a b o u t  2 p e r  
c e n t ,  a n d  t h e  i n f l u e n c e  o f ' o x y g e n  c o n c e n t r a t i o n  o n  i g n i t i o n  
t e m p e r a t u r e  i s  s m a l l  ( 99) *
L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  o n  t h e  i g n i t i o n  o f  • 
m a g n e s iu m  r i b b o n s .  B r z u s t o w s k i  a n d  G la s s m a n  ( 85 ) n o t e d  t h a t , ,  
i n  o x y g e n /a r g o n  a tm o s p h e r e s ,  a n  e l e c t r i c a l l y  h e a t e d  r . ib b o n  o f  • 
m a g n e s iu m  i g n i t e d  a t  a  t e m p e r a t u r e  b e lo w  i t s  m e l t i n g  p o i n t .  • - •
T h e  r a t e  o f  s p r e a d  o f  t h e  i n i t i a l  ( v a p o u r - p h a s e )  r e a c t i o n s  
a lo n g  t h e  w i r e  w as a  f u n c t i o n  o f  o x y g e n  c o n c e n t r a t i o n ;  b e lo w  a n  
X q 2 o f  0*08 t h e  f la m e  f a i l e d  t o  s p r e a d  a lo n g  t h e  - w i r e .  V
B e c a u s e  o f  h e a t  c o n d u c t io n  t o  t h e  c la m p in g  e l e c t r o d e s  u s e d  i n  
t h e s e - e x p e r i m e n t s  a; d i r e c t  c o m p a r is o n  w i t h  p a r t i c l e  i g n i t i o n  , 
s t u d i e s  i s  n o t  p o s s i b l e .

APPARATUS AND M A TE R IA LS
P e l l e t s  o f  P y r o t e c h n ic  F la r e :  C o m p o s it io n s
4 - 1 . 1 .  M a g n e s iu m  -  A l k a l i n e - E a r t h  N i t r a t e  F l a r e s
T h e  b i n a r y  M g /M (N 0 ^)2 c o m p o s i t io n s  s t u d i e d  w e re  a s
f o l l o w s :
$  w t .  -Mg $  w t .  M (N O j
■3 2
45* 55
55 45
36* 64
45 55
31*5* 68*5
40 60
M =  C a  
M =  S r  
M =  B a
*
S t o i c h i o m e t r i c  c o m p o s i t io n
T h e  f l a r e  c o m p o s i t io n s  w e re  s u p p l i e d  a s  o n e  i n c h  lo n g  
c y l i n d r i c a l  p e l l e t s  w h ic h  h a d  b e e n  m ade b y  c o m p r e s s in g ,  a t  a  
p r e s s u r e  o f  4  t o n s  p e r  s q u a r e  i n c h ,  tw o  in c r e m e n t s  o f  t h e  
c o m p o s i t io n  i n t o  a  c a r d b o a r d  t u b e .  T h e  i n t e r n a l  d ia m e t e r  o f  
t h e  t u b e  w as e i t h e r  0 * 5 i n  o r  0 * 8 i n .  E a c h  0 * 5 i n  d ia m e t e r  p e l l e t  
c o n t a in e d  a  kn o w n  a m o u n t ( a b o u t  7g )  o f  c o m p o s i t io n .
A l a y e r  c o n t a i n i n g  0 * 5 g  o f  a  p r im in g  c o m p o s i t io n  h a d  
b e e n  c o m p re s s e d  o n to  t h e  t o p  o f  e a c h  p e l l e t . '  I n  some c a s e s  a  
f u r t h e r  l a y e r ,  o f  t o t a l  w e ig h t  0 *5g  a n d  c o n t a i n i n g  e q u a l  p a r t s  , '  
o f  p r i m e r  a n d  c o m p o s i t io n ,  s e p a r a t e d  t h e  p r i m e r  f r o m  t h e  
c o m p o s i t io n  p r o p e r .  Two d i f f e r e n t  p r im in g  c o m p o s i t io n s  w e re  
u s e d  i n  t h e  c o u r s e  o f  t h e  p r e s e n t  w ork,:' P r im e r  I  c o n t a in e d  
b o r o n  a n d  o x id e s  o f  b is m u t h  a n d  c h ro m iu m ; P r im e r  I I  w as a  
m a n g a n e s e -p o ta s s iu m  c o n t a i n i n g  m i x t u r e .  T h e  p r i m e r  w as  
i g n i t e d  e i t h e r  w i t h  a  t y p e  K f u s e  h e a d  ( I m p e r i a l  C h e m ic a l  
I n d u s t r i e s )  o r ,  m o re  g e n e r a l l y ,  w i t h  a  c o i l  o f  5A  f u s e  w i r e  
t o  w h ic h  1 2 v  w as a p p l i e d .  A t  r e d u c e d  a m b ie n t  p r e s s u r e ,  i g n i t i o n  
w as f a c i l i t a t e d  b y  l o o s e n i n g  t h e  p r i m e r  a n d  t h e  s u r f a c e  O f  t h e  
c o m p o s i t io n  b e n e a t h  t h e  p r i m e r .
T h e ;  n i t r a t e "  o x i d a n t s  w e re  i n d u s t r i a l  g r a d e  a n d  h a d  a  
m in im um  p u r i t y  o f  a b o u t  97$ ,  v o l a t i l e  m a t t e r  a c c o u n t in g ,  f o r  : /
1% b y  w e ig h t  .  T h e  m a g n e s iu m  w as c u t  m a g n e s iu m  g r a d e  5 .  T h i s  
c o n s i s t s  o f  i r r e g u l a r l y  s h a p e d  p a r t i c l e s  w h o se  . s i z e  i s  s u c h  '[Vy 
t h a t  a l l  p a r t i c l e s  p a s s  t h r o u g h  BS s i e v e  n o .  2 0 0  (7 5 m  ) a n d  
n o t  m o re  t h a n  15% B y w e ig h t  i s  r e t a i n e d  on  BS s i e v e  n o .  2 4 0  ( 6 3 m )  
T h e  m in im um  f r e e  m a g n e s iu m  w as 96%, o t h e r  m e t a l s , p a r t i c u l a r l y  / v  
i r o n  a n d  m a n g a n e s e , a c c o u n t in g  f o r  2 *4 %  a n d  o x y g e n  f o r  0 * 6% .
A l l  p e l l e t s  w e re  s t o r e d  o v e r  s i l i c a  g e l  i n  m e t a l  
c o n t a i n e r s .  A i r - t i g h t  c o n t a in e r s -  w e re  u s e d / f o r  s t o r i n g  th e .  /  /
M g/C aC N O ^)2 p e l l e t s .  .7 V i - ' /  ' ■ . ' . / ' / •  y i ' / ' .  / • :  : .1 '
4 - 1 . 2 .  A to m is e d  M a g n e s iu m  . -  P o l y t e t r a f l u o r o e t h y l e n e  F l a r e s
T h e  M g /F T F E  c o m p o s i t io n s  s t u d ie d  a r e  i d e n t i f i e d  b y  t h e  .7 ". 
f o l l o w i n g  c o d e ,  a c c o r d in g  t o  t h e  p e r c e n t r a g e  w e ig h t s  o f  f u e l ,
;% w t . a d d i t i v e
o x i d a n t  a n d  a d d i t i v e . ( i f ;  a n y ) :
C o d e % w t . Mg % w t .  PTFE'
C o m p o s i t io n  D ... 3 0 7 0
’ E ■ .7738 ;■ 62
F 5.0.. 50 V i  .
L 60 : 4o
L» -  62 - 3 8  : ■
• ' ■ G 5 4 * 5 3 6 * 4 "  '' '
D i f f e r e n t  m ix e s  o f  t h e  sam e c o m p o s i t io n ,  e
a r e  d e n o te d  a s  F / L 4 , F /W , F /L A , e t c . .  : ■
9 * 1  ( A n t h r a c e n e )  7
T h e s e  c o m p o s i t io n s  w e re  s u p p l i e d  i n  t h e  fo r m  o f  .-7 7 ‘
c y l i n d r i c a l  p e l l e t s  w h ic h  h a d  b e e n  p r e p a r e d  b y  c o m p r e s s in g ,  i n  
tw o  in c r e m e n t s  ( a t  a  p r e s s u r e  o f  2 t o n s /s q  i n  a p p r o x i m a t e l y )  / / ; • /
7  o r  1 5 g  o f  c o m p o s i t io n  i n t o  c a r d b o a r d  t u b e s .  T h e  l e n g t h  o f  /  y  ' 
c o m p o s i t io n  i n  e a c h  p e l l e t  w as n o m in a l l y  l i n  a n d  t h e  d ia m e t e r  - 7 ' 
o f  c o m p o s i t io n  w as e i t h e r  0 * 5 i n  o r  0* 8i n .  V y y  . . '  ,. '.' ■(> ' v . T  .
T h e  P TFE  u s e d  i n  t h e  c o m p o s i t io n s  w as t h e  c o m m e r c ia l  
p r o d u c t  T e f l o n  7X ( D u p o n t ) .  T h e  w e ig h t  m ean p a r t i c l e  s i z e  i n r - , ' . y  ■ 
T e f l o n  7X  i s  3 0  m j b u t  t h e  r a n g e  o f  p a r t i c l e  s i z e s  is -  f r o m  ,
5  t o  2 0 0  m * T h e  p o ly m e r  i n  c o m p o s i t io n  F /L A  w as F lu o n  L 1 6 9  ( I . C . I . )  
w h ic h  h a s  a  m ean  p a r t i c l e  s i z e  o f  10 m an d  a  n a r r o w  s i z e  d i s t r i b u t i o n
T e f l o n  5 X  (D u p o n t )  w as u s e d  i n  c o m p o s i t io n  F /L B ;  i t  h a s  a  
m ean p a r t i c l e  s i z e  2 0 0 - 4 0 0  g. a n d  a  w id e  s i z e  d i s t r i b u t i o n .
I n  a l l  c a s e s ,  t h e  P T FE  w as 9 9 * 9 $  p u r e .
A to m is e d  m a g n e s iu m  c o n s i s t s  o f  s p h e r i c a l  p a r t i c l e s ,
8 0 $  b y  w e ig h t  b e i n g  r e t a i n e d  o n  a  s i e v e  o f  BS m esh  h o .  3 5 0  
( 4 5 M ) .  a n d  2 0 $  a r e  r e t a i n e d  o n  BS m esh n o .  3 0 0  (5 3 m  ) •  T h e  
f r e e  m e t a l  c o n t e n t  i s  98$ .
C o m b u s t io n  C h a m b e rs
4 - 2 . 1 .  S m a l l  C o m b u s t io n  C h a m b e r
( a )  G e n e r a l  D e s c r i p t i o n
F o r  m o s t o f  t h e  e x p e r im e n t s  r e p o r t e d  h e r e ,  p e l l e t s  w e re  
b u r n e d  a t  a t m o s p h e r ic  a n d  s u b a tm o s p h e r ic  p r e s s u r e s  i n  t h e  7  . .
•c o m b u s t io n  c h a m b e r , show n i n  p l a t e  4 —1 ,  w h ic h  w as a v a i l a b l e .
T h i s  s m a l l  c h a m b e r i s . a  c a s t - i r o n  c y l i n d e r  o f  i n t e r n a l  d ia m e t e r  
9 i n  a n d  h e i g h t  3 0 i n  (v o lu m e  3 1 * 2  l i t r e s ) .  I t  w as c o n n e c te d  t o  
a  b a l l a s t  t a n k  ( f i g . ,  4 - 1 )  o f  v o lu m e  1160  l i t r e s  a n d  t h e  w h o le  ,7  ; 
s y s te m , c o u ld  b e  e v a c u a t e d  t o  a  p r e s s u r e  l e s s  t h a n  1 t o r r  b y  a  
r o t a r y  p um p.
The., c h a m b e r w as  c lo s e d  a t  t o p  a n d  b o t to m  b y  0 * 5 i n  t h i c k  
s t a i n l e s s  s t e e l  d is c s  w h ic h  w e re  e a c h  s e c u r e d  t o  r im s  o n  t h e  e n d s  
o f  t h e  c y l i n d e r  b y  s i x  c la m p s .  S e a l in g  w a s  p r o v i d e d  b y  " 0 "  r i n g s . .  • 
•The t o p  p l a t e  c a r r i e d  a  p r e s s u r e - r e l e a s e  v a l v e  a n d  tw o  o u t l e t s : '  
a  c e n t r a l  2 i n  d ia m e t e r  p ip e  l e a d i n g  t o  a  c h im n e y  a n d  e x t r a c t i o n  
f a n  a n d  a  1 i n  d ia m e t e r  c o p p e r  p ip e  c o n n e c t in g  t h e  c h a m b e r t o  
t h e  b a l l a s t - t a n k  w h ic h  w as  o u t s id e  t h e  b u i l d i n g .  B o th  .p ip e s  
h a d  S a u n d e r s - t y p e  v a l v e s .  ' ;
■ T h e  b a s e  p l a t e  h a d  s i x  vacuum  e l e c t r o d e s  (E d w a r d s )  7  
t h r o u g h  i t .  T h e  c e n t r e  o f  t h i s  p l a t e  h a d  a  1 - 5 i n  d ia m e t e r  h o l e  * 
a r o u n d  w h ic h  a  h o l l o w  s t a i n l e s s  s t e e l  c y l i n d e r ,  c lo s e d  a t  i t s  
l o w e r  e n d , w as v a c u u m - s e a le d .  T h e  p e l l e t  h o l d e r  f i t t e d  s n u g ly  
i n t o  t h i s  c y l i n d e r  ( f i g .  4 - 2 )  t h u s  a l l o w i n g  t h e  h e i g h t  o f  t h e  • 
p e l l e t  a b o v e  t h e  b a s e  p l a t e  t o  b e  v a r i e d .  . '
( b )  P e l l e t - H o l d e r  ‘  , :
T h e  h o l l o w ,  c y l i n d r i c a l  p e l l e t - h o l d e r  w as  d e s ig n e d  so  
t h a t  t h e  e d g e  o f  t h e  b u r n in g  s u r f a c e  o f  t h e  p e l l e t '  w as " p re s s e d  
a g a i n s t  a  m e t a l  r i m  b y  a  s p r i n g - l o a d e d  p l a t f o r m  o n  w h ic h  t h e  
p e l l e t  s t o o d .  T h i s  d e v ic e  e n s u r e d  t h a t  t h e  b u r n i n g  S u r f a c e  
o f  t h e  p e l l e t  r e m a in e d  a t  a  f i x e d  h e i g h t • a s  t h e  p e l l e t  b u r n e d .  
H o w e v e r ,  d e s p i t e  t h e  d e s i r a b i l i t y  o f  m a i n t a i n i n g  a  c o n s t a n t  
s u r f a c e  h e i g h t ,  i t  w as f e a r e d  t h a t  a n y  a r r a n g e m e n t  f o r  a c h i e v i n g  
t h i s  w o u ld  i n t e r f e r e  w i t h  t h e  c o m b u s t io n  p r o c e s s .  F o r  t h e  
e x p e r im e n t s  r e p o r t e d  h e r e ,  t h e r e f o r e ,  i t  w as c o n s id e r e d  
p r e f e r a b l e  t o  c la m p  t h e  b a s e  o f  t h e  p e l l e t  t o  t h e  t o p  o f  t h e  
h o l d e r ,  a s  sh o w n  i n  f i g .  4 - 2 ,  a n d  t o  a l l o w  t h e  p e l l e t  t o  b u r n  
f r e e l y  d o w n w a rd s .
( c )  O b s e r v a t io n  P o r t s
T h e  c o m b u s t io n  c h a m b e r h a d  s i x  v ie w in g .w in d o w s  o n  \  
d i a m e t r i c a l l y  o p p o s i t e  s i d e s .  I n  t h e o r y ,  l i g h t  f r o m  s i x  
d i f f e r e n t  p o s i t i o n s  i n  t h e  f la m e  c o u ld  b e  r e c e i v e d  s i m u l t a n e o u s l y .
I n  p r a c t i c e ,  v i s u a l  o b s e r v a t i o n  s u g g e s te d  t h a t  a n y  s u c h  m e a s u re m e n ts  
w o u ld !h e  . d i f f i c u l t  t o  i n t e r p r e t  b e c a u s e  o f - t h e  u n e v e n  sm oke — 
d i s t r i b u t i o n  i n  t h e  c h a m b e r . T h e  s p e c t r o g r a p h s ,  t h e r e f o r e ,  /  
w e re  s i g h t e d  p e r m a n e n t ly  o n  t h e  s e c o n d  lo w e s t  p a i r  o f  w in d o w s • • 
a n d  d i f f e r e n t  p o s i t i o n s  i n  t h e  f la m e  w e re  s t u d i e d  i n  s e p a r a t e  
e x p e r im e n t s  b y  c h a n g in g  t h e  i n i t i a l  h e i g h t  o f  t h e  p e l l e t  a b o v e  
t h e  b a s e  p l a t e  o f  t h e  c h a m b e r . I t  w as fo u n d  d e s i r a b l e  t o  l e t  
i n  a  t h i r d  o b s e r v a t i o n  p o r t  a t  r i g h t  a n g le s  t o  t h e  o r i g i n a l  
s e c o n d  lo w e s t  p a i r .
T o  p r o v i d e  t h e  o b s e r v a t i o n  w in d o w s , t a p e r e d  p o r t s  h a d .. ' 7  ~ 
b e e n  s u n k  i n t o  t h e  c h a m b e r a n d  l i n  lo n g  p ip e s  w e ld e d  a t  t h e s e  
o p e n in g s .  T h e  o u t e r ,  e n d s  o f  t h e  p ip e s  c a r r i e d  " 0 "  r i n g s  a g a i n s t  
w h ic h  2 i n  d ia m e t e r  g la s s  o r  q u a r t z  d is c s  w e re  h e l d  b y  t h r e a d e d ,  
r e t a i n i n g  r i n g s .  I n  p r a c t i c e ,  i t  w as fo u n d  t h a t . a s  s o o n  a s  a  
f l a r e  w as i g n i t e d ,  t h e  w in d o w s  b eca m e  o p a q u e  d u e  t o  d e p o s i t i o n  
o f  s o l i d  c o m b u s t io n  p r o d u c t s .  P i t t i n g  o f  t h e  w in d o w s  b y  im p a c t  - 
o f  h o t  s o l i d  p a r t i c l e s  a l s o  o c c u r r e d .  E m p i r i c a l l y ,  i t  w as  
fo u n d  t h a t  t h e  m o s t e f f e c t i v e  s o l u t i o n  w as t o  i n c r e a s e  t h e  
l e n g t h  o f  t h e  p ip e s  c a r r y in g -  t h e  w in d o w s  a n d  t o  d e c r e a s e  t h e i r
d ia m e t e r .  T h i s  w as a c h ie v e d  w i t h  t h e  a t t a c h m e n t  s h o w n . in  
f i g .  4 - 3 *  U s in g  i t ,  t h e  w in d o w s  r e m a in e d  c l e a n  d u r in g  t h e  . 
e n t i r e  c o m b u s t io n  o f  m o s t c o m p o s i t io n s .  . , ; >  I  V u
A l a r g e  f r a c t i o n  o f- t h e  c o p io u s  s o l i d  c o m b u s t io n  
p r o d u c t s  a c c u m u la te d  i n  t h e  c h a m b e r d u r in g .c o m b u s t io n  a n d  
t h i s  c a u s e d  a t t e n u a t i o n  a n d  d i f f u s i o n  o f  l i g h t  f r o m . t h e  
l a t e r  s t a g e s  o f  t h e  f l a r e  so  t h a t  t h e  f la m e  .s h a p e * o f t e n
/  ' •; /  ’ /  ' -V '
b eca m e  i n d i s c e r n i b l e ,  e s p e c i a l l y  a t  h ig h  a m b ie n t  p r e s s u r e s .  
A l t h o u g h  t h e  u s e  o f  b a f f l e s  t o  c a t c h  f a l l i n g  .sm oke a n d  o f  a .  -1 
g a s  f l o w  t o  sw eep  t h e  p r o d u c t s  u p w a rd s  w e re  t r i e d  a n d  d id  
p r o v i d e  some im p r o v e m e n t ,  n o  s im p le  re m e d y  w as  fo u n d  e f f e c t i v e  
u n d e r  a l l  c o n d i t io n s . .  T h e r e f o r e ,  b o t h  s p e c t r a  a n d  p h o to g r a p h s  
h a d  t o  b e  t a k e n  a s  s o o n  a s  a  s t a b l e  f la m e  w as e s t a b l i s h e d .
( d )  G as I n l e t  a n d  P r e s s u r e  M e a s u re m e n t
P r e s s u r e  i n  t h e  c o m b u s t io n  c h a m b e r / b a l l a s t  t a n k  s y s te m  
w as m e a s u re d  w i t h  E d w a rd s  vacu u m  g a u g e s  ( f i g .  4 - 1 )  r e a d i n g  /V . 
0 - 2 0 ,  0 - 2 0 0 ,  a n d  0 - 7 6 0  t o r r .  T h e  m a n u f a c t u r e r s  g i v e  t h e  7 ;  3 ;:/ r .• 
a c c u r a c y  o f  t h e s e  g a u g e s  a s  3% f s d .  T h e  g a u g e s  r e q u i r e d  /■ 
p e r i o d i c  r e p la c e m e n t  o r  c l e a n in g  b e c a u s e  o f  t h e  a c c u m u la t io n ,  
o f  s o l i d  c o m b u s t io n  p r o d u c t s  i n  th e m . A m e r c u r y  m o n o m e te r  • 
w as u s e d  e x t e n s i v e l y  f o r  p r e s s u r e s  b e lo w  100 t o r r ;  t h i s  c o u ld  
b e  r e a d  t o  * 0*5 t o r r .
B u r n in g  o f  p e l l e t s  i n  t h e  c h a m b e r d id  n o t  r e s u l t  i n  74 
a n y  s i g n i f i c a n t  i n c r e a s e  i n  p r e s s u r e  i n  t h e  s y s te m .
T o  i n t r o d u c e  n i t r o g e n ,  a r g o n  o r  o x y g e n  i n t o ; t h e  s y s te m ,  
i t  w as fo u n d  c o n v e n ie n t  t o  r e p l a c e  o ne o f  t h e  lo w e s t  w in d o w  
g la s s e s  w i t h  a  b r a s s  d is c  o f  s i m i l a r  d im e n s io n s .  T h e  d is c  
c a r r i e d  a n  i n l e t  p ip e  a n d  v a l v e .
4 - 2 . 2 .  L a r g e  C o m b u s t io n  C h am b e r
A t  a  l a t e r  s t a g e  i n  t h e  i n v e s t i g a t i o n ,  t h e  l a r g e  
c o m b u s t io n  c h a m b e r s h o w n ' in  p l a t e  4 - 2 ,  b e c a m e 'a v a i l a b l e .  I t s  
v o lu m e  w as 5^0 l i t r e s  a n d  i t  w as c o n n e c te d  t o  t h e  sam e b a l l a s t -  
t a n k  a s  t h e  s m a l l  c h a m b e r .  T h e  1 0 i n  d ia m e t e r  v i e w i n g  w in d o w  **3- 
w as u s e f u l  f o r  p h o t o g r a p h in g  b o t h  M g /M (N 0 ^)2 a n d  M g /P T F E  f la m e s
-  6 8  -
a t  lo w  a m b ie n t  p r e s s u r e s .
T h e  a t t a c h m e n t s  w e re  s i m i l a r  t o  t h o s e  o n  t h e  s m a l l  
c h a m b e r .a n d  i n c lu d e d  a n  a d j u s t a b l e  p e l l e t - h o l d e r , vacu u m  
e l e c t r o d e s  a n d  a  g a s  i n l e t .  I n  a d d i t i o n ,  a  s h a f t ,  p a s s in g  
t h r o u g h  a  vacu u m  s e a l  a n d  d r i v e n ,  b y  a  m o to r  o u t s id e  t h e  
c h a m b e r , w as  a v a i l a b l e  i n  t h e  c h a m b e r a n d  t h i s  w as  u s e d  t o  
c o l l e c t  s a m p le s  f ro m  lo w - p r e s s u r e  M g /P T F E  f l a m e s . ( s e c t i o n  7 - 2 . 3 ) •
No s p e c t r a  w e re  t a k e n  o f  f la m e s  i n  t h e  . l a r g e  c h a m b e r \ y  
b u t  t h e  c h a m b e r w as u s e d  i n  m e a s u r in g  t h e  p r e s s u r e  d e p e n d e n c e  
o f  t h e  b u r n i n g - r a t e  o f  M g /P T F E  c o m p o s i t io n s .
4 - 2 . 3 .  M e t a l  Fum e C u p b o a rd
A m e t a l  fu m e c u p b o a r d  f i t t e d  w i t h  a  p o w e r f u l  e x t r a c t i o n  
f a n  w as a l s o  a v a i l a b l e .  T h e  f a n  s u c c e s s f u l l y  re m o v e d  a l l  sm oke  
e x c e p t  i n  t h e  c a s e  o f  v e r y  f a s t  b u r n in g  c o m p o s i t io n s .  T h is -  
f a c i l i t y  w as u s e d  i n  o b t a i n i n g  s p e c t r a  o f  t h e  e n t i r e  f la m e  
( a l l  c o m p o s i t io n s )  a t  a t m o s p h e r ic  p r e s s u r e  (760 t o r r  n o m in a l l y )  ' - 
a n d  f o r  p h o t o g r a p h y  o f  M g /M (N O ^ )^ ' f l a m e s .  •.
P L ec .o rd in g  o f  F la m e  S p e c t r a
4 - 3 - 1 *  S p e c t r o g r a p h s  a n d  O p t i c a l  A r ra n g e m e n t
F la m e  s p e c t r a  w e re  r e c o r d e d  p h o t o g r a p h i c a l l y  u s in g  a, . 
H i l g e r  E 6 1 2  f 4 * 8  s p e c t r o g r a p h  f o r  t h e  r a n g e  7 0 0 0 - 4 0 0 0 $  a n d  a  
H i l g e r  M ed iu m  Q u a r t z  s p e c t r o g r a p h  f o r  w a v e le n g t h s  b e lo w  4 0 0 0 $ .  ■
T h e  H i l g e r  E 6 1 2  i s  a  l a r g e  a p e r t u r e  i n s t r u m e n t  w i t h
tw o  g la s s  p r i s m s .  I t s  d i s p e r s i o n  i s  5 7 $  mm” 1 a t  7 0 0 0 $  a n d
1 8 $  mm” 1 a t  4 3 6 0 $ .  T h e  M ed iu m  Q u a r t z ,  h a s  a  d i s p e r s i o n  o f  
3 5 $  mm” 1 a t  4 0 0 0 $  a n d  8$ = mm” 1 a t  2 5 0 0 $ .  I t  w as i n i t i a l l y  
s e t  u p  ( b y  a d j u s t i n g  t h e  p l a t e  t i l t )  f o r  o p tim u m  f o c u s  o n  . • .
t h e  p h o t o g r a p h ic  p l a t e  o f  w a v e le n g t h s  i n  th e .  r a n g e  4 0 0 0 - 2 5 0 0 $ .
H o w e v e r ,  b y  c h a n g in g  t h e  p l a t e  t i l t ,  w a v e le n g t h s  i n  t h e  r a n g e  
9 0 0 0 - 5 0 0 0 $  c o u ld  b e  s h a r p l y  fo c u s e d . .  T h i s  f a c i l i t y  p r o v e d  . ;
u s e f u l  e v e n  th o u g h  t h e  d i s p e r s i o n  a v a i l a b l e  a t  8000$  w as o n ly  7
200$  mm” 1 .
T h e  o p t i c a l  a r r a n g e m e n t  f o r  r e c o r d i n g  s p e c t r a  i s
show n i n  f i g .  4 - 4 .  L e n s e s  L ^ , L^,, a n d  L ^  w e re  u s e d  t o  f o c u s  V ’ ;7 '
a n  im a g e  o f , p a r t  o f  t h e  f la m e  o n to  t h e  s l i t  o f  e a c h  s p e c t r o g r a p h .  
T h e  .same p o i n t  o n  t h e  f la m e  a x i s  w as i n  f o c u s  i n  t h e  c e n t r e  
o f  e a c h  s l i t  a n d  e a c h  s p e c t r o g r a p h  r e c e i v e d  r a d i a t i o n  f r o m .  7  
a  s m a l l ’ f l a m e  a r e a  w h ic h  w as s y m m e t r ic a l  a b o u t  t h a t . / p o i n t .  : 7  -7 
T h e  a r e a  h a d  a  v e r t i c a l  d im e n s io n  20mm and. a  h o r i z o n t a l  /■,,
d im e n s io n  0*03nun i n  t h e  c a s e  o f  t h e  E 6 1 2 ,  a n d  14mm a n d  0 0 4 m m  s /
r e s p e c t i v e l y  i n  t h e  c a s e  o f  t h e  M ed iu m  Q u a r t z .  3 /
F o c u s in g  w as c a r r i e d  o u t  b y  m o u n t in g  c e n t r a l l y  i n  t h e  
f l a r e - h o l d e r  a n  i r r e g u l a r  o b j e c t ,  s u c h  a s  a  l o n g ’ s c r e w  o r ' a : /  
f l a t  r o d  w i t h  h o l e s ,  i l l u m i n a t i n g  i t  w i t h  a  t u n g s t e n  . f i l a m e n t  - : - 
b u lb  p la c e d  n e a r  t h e /w in d o w  p o r t  o p p o s i t e  t h e  s p e c t r o g r a p h  
a n d  a d j u s t i n g  t h e  p o s i t i o n  o f  L^ a n d /o r  L 2 u n t i l  a  s h a r p  
im a g e  w as fo rm e d  s y m m e t r i c a l l y  a b o u t  t h e  s l i t  ja w s  o f  t h e  E 6 i 2 .  .
S p e c t r a  f r o m  d i f f e r e n t  h e i g h t s  i n  t h e  f la m e  w e re  o b t a in e d  
( i n  s e p a r a t e  e x p e r im e n t s )  b y  v a r y in g  t h e  d is t a n c e  o f  t h e  . 7  3 .  . 
p e l l e t - h o l d e r  ( s e c t i o n  4 - 2 . 1 ( b ) )  f ro m  t h e  s e c o n d  lo w e s t  w in d o w  
p o r t s  t h r o u g h  w h ic h  t h e  s p e c t r o g r a p h s  w e r e " s i g h t e d .
4 - 3 . 2 .  P h o t o g r a p h ic  P l a t e s
W i t h  t h e  E 6 1 2 ,  p a n c h r o m a t ic  L o n g  R a n g e  p l a t e s  w e re  m o s t . 
f r e q u e n t l y  u s e d  b e c a u s e  o f  t h e i r ,  w id e  s p e c t r a l  r a n g e  c o m b in e d ; ■ 
w i t h  r e a s o n a b le  g r a i n  's i z e  a n d  s p e e d .  T h e  m o re  g r a i n y  h ig h  
s p e e d  p l a t e  H P 3  ( I l f o r d )  w as s o m e tim e s  u s e d ,  e s p e c i a l l y  f o r  
e x a m in in g  t h e  b lu e  e n d  o F  t h e  s p e c t r u m .
W i t h  t h e  M e d iu m  Q u a r t z ,  t h e  m o s t g e n e r a l l y  u s e d  p l a t e  
w as t h e  K o d a k  I l - L  ( S c i e n t i f i c )  w h ic h  h a s  b r o a d l y  s i m i l a r  
c h a r a c t e r i s t i c s  t o  t h e  L o n g  R a n g e , p l a t e .  F o r  b e t t e r  c o n t r a s t  
a n d  w hen  s p e e d  w as  n o t  i m p o r t a n t ,  t h e  K o d a k  B . 1 0  w as  u s e f u l ;  
i t s  r e s p o n s e  i s  l i m i t e d  t o  w a v e le n g t h s  s h o r t e r ' t h a n  5500A .
T h e  I I - L  a n d  K o d a k  1 -M  p l a t e s  ( u n t r e a t e d )  W e re  u s e d  i n  t h e  7 : ,
n e a r  i n f r a r e d .  • . ; .
E x p o s u r e  t im e s  f o r  t h e  s p e c t r a  d e p e n d e d  on  t h e  t y p e  
o f  f l a m e ,  t h e  p a r t  o f  t h e  f la m e  b e in g  e x a m in e d  a n d  t h e  p r e s s u r e  
i n  t h e  c o m b u s t io n  c h a m b e r .. E x p o s u re  t im e s  i n  t h e  r a n g e s  0 * 0 4 .  
t o  1 s  a n d  0 - 5  t o  3  s  w e re  t y p i c a l  f o r  t h e  E 6 1 2  a n d  M ed iu m  ■ V 
Q u a r t z  r e s p e c t i v e l y *
4 - 3 * 3 -  S h u t t e r s
;To o b t a i n  r e p r o d u c i b l e  e x p o s u r e  t im e s  o f  t h e  o r d e r  o f ' 
o n e - f i f t h  o f  a  s e c o n d  a  C o m p u r c a m e r a - s h u t t e r  w as  m o u n te d  o n  
t h e  o p t i c a l  b e n c h .  L a t e r  t h i s  w as s u p p le m e n te d  w i t h  a n  
e l e c t r o n i c a l l y - o p e r a t e d  s h u t t e r  o r i g i n a l l y  d e s ig n e d  f o r  a  
T e l f o r d  o s c i l l o s c o p e  c a m e r a .  T h e  c i r c u i t  o f  f i g .  4 - 5  a l lo w e d  
t h e  s p e c t r a l  p l a t e  t o  b e  g iv e n  a  kn o w n  e x p o s u r e  a t  a  p r e - d e t e r m in e d -  
t im e  a f t e r  i g n i t i o n  o f  t h e  p e l l e t .  T h e  c i r c u i t  c o n s i s t e d  o f  a  
l i g h t - a c t i v a t e d  s i l i c o n - c o n t r o l l e d  r e c t i f i e r  (L A S C R ), a  f a s t  
r e e d  r e l a y  a n d  a  c o m m e r c ia l  t i m i n g  u n i t .  L i g h t  p r o d u c e d  d u r in g  
i g n i t i o n  o f  t h e  p e l l e t  c a u s e d  t h e  LASCR t o  c o n d u c t  a n d  t h e  r e e d  
r e l a y  t o . c l o s e ,  t h u s  a c t i v a t i n g  t h e  t i m e r .  A f t e r  t h e  p r e - s e t  
t im e  h a d  e la p s e d  a  r e l a y  i n  t h e  t i m e r  c lo s e d  a n d  f i r e d  t h e  •- 
s h u t t e r .  *
T h e  t o t a l  t im e  d e l a y  o f  t h e  c i r c u i t  f o r  a  g iv e n  s e t t i n g  
o n  t h e  t i m e r  c o n t r o l  w as c a l i b r a t e d  w i t h  a  la m p  w h ic h  a c t i v a t e d  
t h e  LASCR a n d  a  0 C P 7 1  p h o t o t r a n s i s t o r  w h ic h  w as i l l u m i n a t e d  
w h e n  t h e  s h u t t e r  o p e n e d . V o l t a g e s  f ro m  t h e  c o l l e c t o r s  o f  t h e  
LASCR a n d  t h e  0C P 71 w e re  f e d  t o  t h e  tw o  b eam s o f  a  d o u b le  beam  
o s c i l l o s c o p e .  T h e  t i m e - b a s e  o f  t h e  o s c i l l o s c o p e  w as  s w i t c h e d  
o f f  a n d  t h e  t r a c e  p h o to g r a p h e d  on  a  m o v in g  f i l m  c a m e r a .  T h e  
t im e  c o r r e s p o n d in g  t o  u n i t  l e n g t h  o f  f i l m  w as o b t a in e d  b y  
p h o t o g r a p h in g  a  1 2 * 5  H z s in e - w a v e  f e d  t o  t h e  o s c i l l o s c o p e  f ro m  
a  s i g n a l  g e n e r a t o r  w h o se  f r e q u e n c y  s e t t i n g  w as c h e c k e d  a g a i n s t  
t h e  m a in s  f r e q u e n c y .  T im e  d e la y s  f ro m  0 * 2  t o  4  s e c o n d s  w e r e  
o b t a i n a b l e  w i t h  t h e  c i r c u i t .
4 - 3 * 4 .  W a v e le n g th  R e f e r e n c e  S p e c t r a  ■
B y  u s in g  t h e  H a r tm a n n  d ia p h ra g m  o n  t h e  s l i t  o f  t h e  
s p e c t r o g r a p h  a n  i r o n  a r c - s p e c t r u m ,  w h ic h  s e r v e d  a s  a  w a v e le n g t h  
r e f e r e n c e ,  w as p h o to g r a p h e d  b e lo w  b u t  s l i g h t l y  o v e r l a p p i n g  t h e
-  7 1  -
f la m e  s p e c t r u m .  T o  do  t h i s  w i t h  t h e  E 6 1 2 ,  t h e  m i r r o r  M ( f i g .  4 - 4 )  
w as re m o v e d  a n d  t h e  i n n e r  e x t e n s i o n  t u b e s  o n  t h e  w in d o w  p o r t s  o f  >-
th e ,  c h a m b e r w e r e  e x t r a c t e d :  t h e  a r c  w as t h e n  i n  f o c u s  o n  t h e  y  ■
s l i t  o f  t h e  s p e c t r o g r a p h .  :
T o  f o c u s  t h e  a r c  o n to  t h e  s l i t  o f  t h e  M e d iu m  Q u a r t z , ' 1 ' 
t h e  m i r r o r  M ( f i g .  4 - 4 )  w as t u r n e d  c lo c k w is e  t h r o u g h  9 0 ° ,  t h e
a r c  w as m o ved  t o  a  s e c o n d  p o s i t i o n  aw a y  f r o m  t h e  m i r r o r  a n d  " y
a  s u b s i d i a r y  l e n s  ( n o t  sh o w n  i n  f i g .  4 - 4 )  w as p la c e d  b e tw e e n  
t h e  a r c  a n d  M .
D is c h a r g e  la m p s  w e re  a l s o ,  u s e d  f o r  w a v e le n g t h  c a l i b r a t i o n :
( a )  N e o n  f o r  t h e  r a n g e  7 2 4 5 - 5 8 5 2 $  - - - y . - r
( b )  K r y p t o n "  "  "  8 5 0 0 - 7 5 9 0 $
( c )  M e r c u r y  f o r  v i s i b l e  a n d  u l t r a v i o l e t  l i n e s
A s p e c t r u m  o f  a  d is c h a r g e  la m p  w as o b t a in e d  b y  p l a c i n g  
t h e  la m p  i m m e d ia t e ly  i n  f r o n t  o f  t h e  s l i t  o f  t h e  s p e c t r o g r a p h .
4 - 3 * 5 *  P r o c e s s in g  a n d  E x a m in a t io n  o f  S p e c t r a l  P l a t e s  -
T h e  s p e c t r a l  p l a t e s  w e re  d e v e lo p e d  i n  PQ o r  MQ T ln i v e r s o l  
d e v e lo p e r  (J o h n s o n -* s  P h o t o g r a p h ic  C h e m i c a l s ) T h e  d e v e lo p m e n t  
t im e  w as t h a t  re co m m en d e d  b y  t h e 'm a n u f a c t u r e r :  a b o u t  4  m in u te s -  / .  
f o r  I I - L  a n d  2  m in u t e s  f o r  B . 1 0  p l a t e s .
T o  d e t e r m i n e 1t h e  w a v e le n g t h s  o f  l i n e s  a n d  b a n d s  i n  t h e  
f la m e  s p e c t r u m  t h e  p l a t e  w as v ie w e d  w i t h  a  t r a v e l l i n g ,  m ic r o s c o p e ,
. t h e  e y e p ie c e  o f  w h ic h  c o n t a in e d  a  s c a l e  a n d  a  h a i r l i n e  w h o se  ft * •• 
p o s i t i o n  o n  t h e  s c a l e  c o u ld  b e  v a r i e d  w i t h  a  m ic r o m e t e r  r e a d i n g  ... 
t o  0 *0 1 m m . T h e  d is t a n c e s '  o f  a  f la m e  f e a t u r e  f r o m  tw o  n e ig h b o u r in g  
F e  c a l i b r a t i o n  l i n e s  w e re  m e a s u re d  a n d  t h e  u n k n o w n  w a v e le n g t h  
c a l c u l a t e d  b y  l i n e a r l y  i n t e r p o l a t i n g  b e tw e e n  t h e  k n o w n  w a v e le n g t h s  
o f  t h e  tw o  c a l i b r a t i o n  l i n e s .  A t  t h e  b e g in n in g  o f  t h e  i n v e s t i g a t i o n ,  
w hen  i t  w as n e c e s s a r y  t o  i d e n t i f y  a  l a r g e  n u m b e r o f  - f la m e  f e a t u r e s ,  
m o re  w i d e l y  s p a c e d  F e  l i n e s  w e re  c h o s e n  a n d  t h e  C a u c h y  d i s p e r s i o n  
e q u a t io n  u s e d  t o  c a l c u l a t e  t h e  w a v e le n g t h s  o f  f la m e  f e a t u r e s  . 
b e tw e e n  t h e  F e  l i n e s .  T h e  w a v e le n g t h s  o f  o t h e r  i n t e r m e d i a t e  F e  
l i n e s  w e re  a l s o  c a l c u l a t e d  a s  a  g u id e  t o  t h e  ; e r r o r s  i n v o l v e d . .  A . - 
F e r r a n t i  S i r i u s  c o m p u te r  w as p ro g ra m m e d  t o  p e r f o r m  t h e  C a u c h y  -y. ~
c a l c u l a t i o n ,  y -  y .  y t y  - - , : . : . 'y  ■ ' V y y :
G e n e r a l l y ,  f o r  l i n e s  o f  i n t e r m e d i a t e  i n t e n s i t y  i n  t h e  
f la m e  s p e c t r u m , t h e  w a v e le n g t h  c o u ld  b e  m e a s u re d  t o  - 0 - 2$  
u s in g  a  F e  r e f e r e n c e ,  s p e c t r u m .  I n  t h e  r e d ,  7 0 0 0 - 6 0 0 0 $ ,  w h e re  
t h e  d i s p e r s i o n  w as lo w ,  t h e  a c c u r a c y  w as i 2 $ .  F la m e  l i n e s  
w e re  i d e n t i f i e d  f r o m  t h e  M IT  w a v e le n g t h  t a b l e s  ( 1 0 1 )  a n d  
f la m e  b a n d s  f r o m  t h e  c o m p i l a t i o n  o f  P e a r s e  a n d  G a y d o n  ( 9) .
C in e - P h o t o g r a p h y
4 - 4 . 1 .  M g /P T F E  F la m e s
F la m e s  f ro m  M g /P T F E  c o m p o s i t io n s  w e re  p h o t o g r a p h e d  w i t h  
a  T e l f o r d  t y p e  N c a m e ra  u s in g  1 6mm K o d a k  P lu s  X  ( d a y l i g h t )  
b l a c k  a n d  w h i t e  f i l m .  T h e  c a m e ra  w as o p e r a t e d  a t  i t s  m axim um  
f r a m i n g - r a t e  o f  1 5 0  p i c t u r e s  p e r  s e c o n d  ( p p s ) .  I n  t h i s  c a m e ra  
t h e  f i l m  i s  s t a t i o n a r y  w h i l e  t h e  e x p o s u r e  i s  b e i n g  m ade a n d  
t h e  e x p o s u r e  t im e  i s  c o n t r o l l e d  b y  a  r o t a t i n g  d is c  w h ic h  h a s  7; = 
a  s e c t o r  c u t  a w a y . T h e  a n g le  o f  t h e  s e c t o r  d e t e r m in e s  t h e  ' , 
e x p o s u r e  t i m e .  I n  t h e  p r e s e n t  .w o rk  1 5 °  a n d  36°  s e c t o r s  w e re  
u s e d .  S in c e  t h e  d is c  r o t a t e s  o n c e  f o r  e v e r y  f r a m e ,  t h e  
e x p o s u r e  t im e s  w e r e ,  t h e r e f o r e ,  280 a n d  667 jus , r e s p e c t i v e l y .  
T h e r e  w as o n e  p i c t u r e  e v e r y  6 * 7  ms f o r  a  f r a m in g  r a t e *  o f  1 5 0 p p s .
F la m e s  a t  a l l  a m b ie n t  p r e s s u r e s  i n  t h e  s m a l l  c o m b u s t io n  c h a m b e r
a n d  l o w - p r e s s u r e  (60 t o  15 t o r r )  f la m e s  i n  t h e  l a r g e  c h a m b e r  
w e re  p h o t o g r a p h e d .
U s in g  a  50mm K i n e t a l  c a m e ra  l e n s  a t  a b o u t  f 1 1  a  n e u t r a l  
d e n s i t y  f i l t e r  o f - 2*0 w as  n e c e s s a r y  t o  p r e v e n t  o v e r e x p o s u r e
i n . t h e  c a s e  o f  f la m e s  a t  760 t o  2 0 0  t o r r .  F o r  f la m e s  a t  2 0  t o r r ,
a n  f - n u m b e r  o f  8 a n d  a  n e u t r a l  d e n s i t y  f i l t e r  o f  0*5 w e re  
r e p r e s e n t a t i v e  o f  t h e  c o n d i t i o n s  u s e d .  T o  o b t a i n  a n  u n o b s t r u c t e d
v ie w  o f  f la m e s  i n  t h e  s m a l l  c o m b u s t io n  c h a m b e r , t h e  c a m e ra  w as
p la c e d  a s  c lo s e  a s  p o s s i b l e  t o  t h e  v ie w in g  w in d o w  a n d  t h e  i n n e r
s l e e v e  o n  t h e  w in d o w  e x t e n s i o n  w as n o t  u s e d .  I t  w as n e c e s s a r y  .
t o  u s e  l e n s  e x t e n s i o n  r i n g s  o n  t h e  c a m e ra  i n  o r d e r  t o  fo c u s  
a t  t h e  c lo s e  d is t a n c e  i n v o l v e d .
/A  100mm t e l e p h o t o  l e n s  w as a l s o  a v a i l a b l e  a n d  w as u s e d ,  
a t  f - 1 1 , t o  p h o to g r a p h  t h e  s u r f a c e  o f  p e l l e t s  b u r n i n g  a t  lo w  ; 7 7  
a m b ie n t  p r e s s u r e  i n  t h e  l a r g e  c h a m b e r . ■ V  . ; /
Some c o l o u r  f i l m s  w e re  m ade o f  t h e  f u e l  r i c h  (.623b M g) .
• " * ' ' ' r *' ” * • v , • ;f i ' . v i*
c o m p o s i t io n  b u r n in g  i n  2 0  t o r r  o f  o x y g e n . K o d a k  E k ta c h ro m e  E F  < 
( d a y l i g h t )  f i l m  w as u s e d  a n d  t h e  b e s t  r e s u l t s  w e re  o b t a in e d  r 
w i t h  t h e  t e l e p h o t o  l e n s  a t  f 5*6 a n d  a n  0W12  h a z e  f i l t e r  
( s e e  f r o n t i s p i e c e ) .
4 - 4 . 2 .  M g /M (N 0 ^) 2 F la m e s
T h e  T e l f o r d  c a m e ra  w as a l s o  u s e d  t o  f i l m  t h e  c o m b u s t io n  
o f  M g /M (N 0 ^)2 f l a m e s . H o w e v e r , f o r  t h e s e  f a s t e r  b u r n in g  
c o m p o s i t io n s ,  150p p s  p r o v e d  t o o  s lo w  t o  a l l o w  a n y  c o r r e l a t i o n  
t o  b e  s e e n  b e tw e e n  s u c c e s s iv e  f r a m e s .  A c c o r d in g ly  a  F a s t a x  WF3 
16mm c a m e ra  w as u s e d  t o  p h o t o g r a p h  M g /S r ( N 0 ^)2 a n d  M g /C a (N 0^)2 
f l a m e s .  ' ‘
T h e  W F3 w as o p e r a t e d  w i t h  a  m o to r  v o l t a g e  o f  1 3 0 V  ac  
w h ic h  g a v e  a  t e r m i n a l  f r a m in g  r a t e  o f  5200p p s  a t  t h e  e n d  o f  „
t h e  1 0 0 f t  f i l m  m a g a z in e .  T h e  a v e r a g e  r a t e  f o r  t h e  l a s t  7 0 f t  ; 
o f  f i l m  w as 4 5 0 0 p p s .
T h i s  c a m e ra  u s e s  a  f o u r - s i d e d  r o t a t i n g  p r is m  o f ,  g la s s
t o  s c a n  t h e  im a g e  a c r o s s  a  s l i t  b e h in d  w h ic h  t h e  f i l m  m o ve s . 7  .......
c o n t in u o u s l y .  T h e  e f f e c t i v e  s h u t t e r  s p e e d  f o r  a  f u l l  f r a m e  i s  
1 / ( 3 p p s )  s e c o n d s .  F o r  a  f r a m in g  r a t e  o f  4 5 0 0 p p s ,  t h a t  i s ,  one  
p i c t u r e  e v e r y  222 jus, t h e  e f f e c t i v e  s h u t t e r  s p e e d  i s  7 4  jus.
T h e  n o r m a l  s l i t ,  w h ic h  g iv e s  a  f u l l  f r t i n e ,  w as u s e d  
f o r  M g /S r ( N 0 ^)2 f l a m e s .  F o r  M g /C a (N 0 ^)2 t h e  s l i t  w as r e p l a c e d  
b y . a  n a r r o w e r  o n e  o f  w id t h  0*01 i n  a n d  t h i s ,  g a v e  a n  e f f e c t i v e  7 .
s h u t t e r  s p e e d  o f  7 * 4  /jls a t  4 5 0 0 p p s .  T h e  s i z e  o f  t h e  f ra m e  w as
r e d u c e d  b y  u s in g  a  n a r r o w e r  s l i t  b u t  t h i s  w as n o t  i m p o r t a n t , "
s in c e  t h e  c a m e ra  c o u ld  b e  o p e r a t e d  i n  a  h o r i z o n t a l  p o s i t i o n  
so  t h a t  t h e  f la m e  a x i s  w as  a c r o s s  t h e  w id t h  o f  t h e  f i l m .  ; V  •
U s in g  K o d a k  P lu s  X  f i l m ,  a n d  a  50mm R a p t a r  l e n s ,  M g /S r ( N 0 ^ )  
f la m e s  r e q u i r e d  a n  a p e r t u r e  o f  f 5 * 6 , a n d  M g /G a (N 0^)2 f la m e s  
a n  a p e r t u r e  o f  a b o u t  f 8 . ' 7 < -
- 7 4 -
T h e  W F3 w as a l s o  u s e d  t o  m ake c o l o u r  f i l m s ,  on  
E k ta c h r o m e  E F ,  o f  a n  M g /S r ( N 0 ^)2 f la m e  a t  9 0  t o r r ,  u s in g  f 4 ,  
a n d  a  6 2 $  M g /P T F E  f la m e  i n  2 0  t o r r  o x y g e n  u s in g  t h e  t e l e p h o t o  
l e n s  a t  f 8.
4 - 4 . 3 *  P r o c e s s in g  o f  F i l m s
P l u s  X  f i l m  f r o m  t h e  T e l f o r d  c a m e ra  w as d e v e lo p e d  
i n  I l f o r d  ID  11 f i n e  g r a i n  d e v e lo p e r  ( f o r  7  m in u t e s  i n  u n u s e d  
s o l u t i o n ) .  T h e  1 0 0 f t  s p o o ls  f ro m  t h e  F a s t a x  c a m e ra  w e re  
p r o c e s s e d  i n  a  c o n t in u o u s  p r o c e s s o r  (J o h n  H a d la n d  L t d . ) u s in g  
PQ U n i v e r s o l  d e v e lo p e r  d i l u t e d  1 t o  4 ,  A m f ix  r a p i d  f i x e r  . 
d i l u t e d  1 t o  1 * 5  a n d  a n t i s c r a t c h  a n d  w e t t i n g  a g e n t s .  C o lo u r  
f i l m s  w e re  p r o c e s s e d  b y  a  c o m m e r c ia l  l a b o r a t o r y .
M e a s u re m e n t o f  B u r n in g - T im e s
I n  g e n e r a l ,  b u r n i n g  t im e s  w e re  m e a s u re d  w i t h  a  s t o p - w a t c h -  
s in c e  t h i s  m e th o d  w as c o n s id e r e d  s u f f i c i e n t l y  a c c u r a t e  t o  show  
t h e  m a in  f e a t u r e  o f  i n t e r e s t  -  t h e  g e n e r a l  t r e n d  o f  b u r n i n g -  ■' 
t im e  w i t h  a m b ie n t  p r e s s u r e .  v •-
T h e  b u r n i n g - t i m e s  o f  t h e  5 5 $  M g /C a ( N 0 ^ ) ^  c o m p o s i t io n  ■ 
w e re  m e a s u re d  b y  m o n i t o r i n g ,  w i t h  a  p h o t o c e l l ,  t h e  d u r a t i o n  
o f  t h e  f l a r e s *  l i g h t  o u t p u t .  T h e ' v o l t a g e  o f  t h e  p h o t o c e l l  
w as a m p l i f i e d  a n d  a p p l i e d ,  t o  o n e  o f  t h e  Y - a m p l i f i e r s  o f  a  ;r  ••• 
d o u b le  beam  o s c i l l o s c o p e  w h o se  t im e  b a s e  w as s w i t c h e d  o f f ; -  .
T h e  l i g h t  o u t p u t  d u r in g ,  c o m b u s t io n  w as r e c o r d e d  w i t h  a  m o v in g  ~ 
f i l m  o s c i l l o s c o p e  c a m e ra ,  t im in g - m a r k s  on  t h e  f i l m s  b e in g  
o b t a in e d  b y  a p p ly in g  t h e  v o l t a g e  f ro m  a  s i g n a l  g e n e r a t o r  
( s e t  t o  1 0  H z )  t o  t h e  s e c o n d  Y - a m p l i f i e r  o f  t h e  o s c i l l o s c o p e . -  '•
. T h e  b u r n i n g - t i m e s  o f  t h e  5 5 $  M g /C a (N 0 ^)2 p e l l e t s  w e re  
a l s o  m e a s u re d  w i t h  t h e  s t o p  w a tc h , ,  a n d  c o m p a r is o n  o f  t h e s e  t im e s  
w i t h  t h e  m o re  a c c u r a t e  t im e s  d e t e r m in e d  p h o t o - e l e c t r i c a l l y  sh o w ed
t h a t ,  o n  a v e r a g e ,  t h e  s t o p - w a t c h  t im e s  w e re  a  f r a c t i o n
+ ; *
0 * 9 5 ~ 0 * 0 3  o f  t h e  f i l m  t i m e s .  T h e r e f o r e ,  m  o r d e r ,  t o  c o m p a re
t h e  tw o  M g /C a (N 0^)2 c o m p o s i t io n s ,  t h e  b u r n i n g - t i m e s ,  m e a s u re d
w i t h  a  s t o p - w a t c h  o n l y ,  o f  t h e  4 5 $  M g /C a (N 0 ^)2 c o m p o s i t io n ,  w e re
m u l t i p l i e d  b y  0 * 95 */
I n  t h e  c a s e  o f  b o t h  M g /C a C N O ^ )^  c o m p o s i t io n s  i t  w as  
f o u n d . t h a t  t h e  f i n a l  1 t o  3mm o i  t h e  p e l l e t  d i d . n o t  b u r n .
I t  w as n e c e s s a r y ,  t h e r e f o r e ,  t o  d e t e r m in e  t h e  l e n g t h  o f ,  
t h e  p e l l e t  t h a t  h a d  b u r n e d  a n d  t h i s  m e a s u re m e n t e n t a i l e d  
a n  e r r o r  o f  (1mm i n  2 5 m m ).  T h e  o v e r a l l  a c c u r a c y  o f  
t h e  b u r n i n g - t i m e s  f o r  M g /C a ^ O ^ ) ^  c o m p o s i t io n s  w as r o u g h ly
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M g /M  (N O  J 2  F L A M E S :  E X P E R IM E N T A L  R E S U L T S
G e n e r a l  C h a r a c t e r i s t i c s  o f  F la m e  S p e c t r a
O v e r  t h e  r a n g e  o f  w a v e le n g t h s  s t u d i e d ,  8 0 0 0 - 2 7 0 0 £  '
a p p r o x i m a t e l y ,  t h e  M g /M tN O .^ )^  p y r o t e c h n i c  f la m e s  w e re  fo u n d
t o  e m it  a  s p e c t r a l  c o n t in u u m  w i t h  l i n e s  a n d  b a n d s  i n : -e m is s io n
s u p e r im p o s e d  o n  t h i s  c o n t in u u m , o r ,  u n d e r  c e r t a i n  c i r c u m s t a n c e s ,
i n  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m . T h e  i n t e n s i t y  e m i t t e d  p e r
u n i t  a r e a  o f  t h e  f la m e  d e c r e a s e d  a t  i n c r e a s i n g  h e i g h t  i n  t h e
f la m e  a b o v e  t h e  b u r n in g  s u r f a c e  o f  t h e  p e l l e t .  T h e  i n t e n s i t y
p e r  u n i t  f la m e  a r e a  w as  l o w e r ,  b u t  t h e  r e l a t i v e  i n t e n s i t y  o f
l i n e  t o  c o n t in u u m  r a d i a t i o n  w as h i g h e r ,  t h e  lo w e r  t h e  a m b ie n t
p r e s s u r e  a t  w h ic h  c o m b u s t io n  w as c a r r i e d  o u t .  ( S p e c t r a  w e re
o b t a in e d  f ro m  f la m e s  a t  a m b ie n t  p r e s s u r e s  i n  t h e  r a n g e  7 6 0  t o  , C
. -.'I v 7. '•
1 0 0  t o r r ) .  T h e  b u r n i n g - t i m e ,  s . i n  , a n d  t h e  f la m e  l e n g t h y / ;  '
a l s o  i n c r e a s e d  w i t h  d e c r e a s e  i n  a m b ie n t  p r e s s u r e .  7  ;
A t  a l l  a m b ie n t  p r e s s u r e s  o f  c o m b u s t io n ,  f la m e s :  fro m , 
M g /M ^ O ^ ) ^  c o m p o s i t io n s  (M  »  C a , S r ,  B a )  e m i t t e d ,  s p e c t r a l  l i n e s ;
d u e  t o  n e u t r a l  Mg a n d  M a to m s  a n d  b a n d s  d ue t o  o x id e s  a n d  . . • /
4. - .  y
h y d r o x id e s  o f  t h e s e  m e t a l s .  I n  a d d i t i o n ,  l i n e s  f r o m  S r  a n d
-J- • '■ / ' r
B a  w e re  e m i t t e d  b y  t h e i r  r e s p e c t i v e  f l a m e s .  • „
A s t u d y  w as m ade o f  t h e  v a r i a t i o n ,  w i t h  a m b ie n t  p r e s s u r e  
a n d  w i t h  h e i g h t  i n  t h e  f l a m e ,  o f  t h e  o c c u r r e n c e  o f . t h e  m o re  
p r o m in e n t  l i n e s  a n d  b a n d s  i n  f la m e s  fro m  0 * 5 i n  d ia m e t e r  p e l l e t s  7  
o f  s t o i c h i o m e t r i c  M g /M (N 0 j)^  c o m p o s it io n s  b u r n in g  i n  a i r .  A 
s i m i l a r  s t u d y  w as m ade o n  f la m e s  f ro m  t h e , f u e l - r i c h  M g /C a tN O ^ ) ,,  
c o m p o s it io n ^  T h e  r e s u l t s  a r e  s u m m a r is e d  i n  t a b l e s  5 - 1  t o  5 - 7  
i n c l u s i v e .  T h e  v a r i a t i o n ,  w i t h  h e i g h t  i n  t h e  f l a m e ,  o f  some  
e m is s io n  f e a t u r e s  i s  sh o w n  s c h e m a t i c a l l y , i n  f i g .  5 - 1  f o r  f la m e s  
a t  760 t o r r  a m b ie n t  a i r .  P l a t e s  5 - 1  t o  5 - 7  show  some t y p i c a l  
s p e c t r a .  D e t a i l s  o f  a l l  o b s e r v e d  l i n e s  a n d  b a n d s  a r e  g iv e n  
i n  s e c t i o n  9 -7  •
A n o t a b l e  p h e n o m e n o n  show n b y  t h e  r e s u l t s  i n  t a b l e s  
5-1  t o  5-7  i s  t h e  o c c u r r e n c e ,  a t  w a v e le n g t h s  s h o r t e r  t h a n  - ; . y /  
4 0 0 0 $ ,  o f  l i n e s  a n d  b a n d s  i n  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m
i n  s p e c t r a ' f r o m  t h e  - lo w e r  p a r t  ( n e a r e s t  t h e  p e l l e t )  o f  f la m e s  ■ ; •  
a t  760 t o r r .  T h i s  w i l l  b e  d is c u s s e d  i n  s e c t i o n  5 - 2 .  ’ ■ •
; v ’ .7 ‘
T h e  O c c u r r e n c e  o f  L in e s  a n d  B a n d s  i n  A b s o r p t io n  a g a i n s t  t h e  3 v\ -' - 
F la m e  C o n t in u u m  . /  j' 3  .4  ,■ v-. -
F ro m  t h e  d a t a  s u m m a r is e d  i n  t a b l e s  5 - 1  t o  5 - 7  f t  p r o v e d  
p o s s i b l e  t o  e s t a b l i s h  c e r t a i n  r e g u l a r i t i e s  i n  t h e  p h e n o m e n o n  o f  
t h e  o c c u r r e n c e  o f  d i s c r e t e  f e a t u r e s  i n  a b s o r p t i o n  a g a i n s t  th e '. • •• 
s p e c t r a l  c o n t in u u m  e m i t t e d  b y  t h e  f la m e :
( i )  W hen c o m b u s t io n  w as a t  760 t o r r ,  t h e  f i r s t '  3  t o  5cm  
o f  t h e  f la m e  a b o v e  t h e  p e l l e t  e m i t t e d  a  s p e c t ru m  i n  w h i c h , a t - 3 , . 
w a v e le n g t h s  s h o r t e r  t h a n  4 0 0 0 2  a p p r o x i m a t e l y ,  d i s c r e t e  f e a t u r e s  • 
w e r e  p r e s e n t  o n l y  a s  a b s o r p t i o n  l i n e s  o r  b a n d s ,  w h i l e  a t  3  3  >
w a v e le n g t h s  l o n g e r  t h a n  4 0 0 0 2  a l l  l i n e s  a n d  b a n d s  w e re  i n  * ; : 
e m is s io n .  T h e  e m is s io n  f e a t u r e s  i n c lu d e d  l i n e s  f r o m  t h e  io n s  - *
.1. .j. — -
S r  a n d  B a  i n  t h e i r  r e s p e c t i v e  f l a m e s .  T h e  p r i n c i p a l  f e a t u r e s  - 
fo u n d  i n  a b s o r p t i o n  w e r e  t h e  MgO/MgOH b a n d s * .  3 8 6 6 - 3 ? O 0 2 ,  t h e  
Mg l i n e s  a t  3838 a n d  2 8 5 2 2  a n d  l i n e s  f ro m  i m p u r i t i e s  s u c h  a s  
N a ,  C u , M n . T h e  l a t t e r  w e re , l i n e s  d u e  t o  a  t r a n s i t i o n  f ro m  
a n  e x c i t e d  l e v e l  t o  t h e  g r o u n d - s t a t e  o f .  t h e  i m p u r i t y  a to m .
T h e  B a  3 0 7 2 2  l i n e  w as  i n  a b s o r p t i o n  i n  t h e  M g /B a ( N 0 ^ ) 2  f la m e  
s p e c t r a .  P l a t e s  5 - 1  a n d  5 - 2  i l l u s t r a t e  t h e  a p p e a r a n c e  o f  t h e  . -  
f la m e  s p e c t r a  a t  760 t o r r . '  .
■ ( i i )  F o r  c o m b u s t io n  a t  760 t o r r ,  t h e  w a v e le n g t h  o f  . 
t r a n s i t i o n  f ro m  e m is s io n  t o  a b s o r p t i o n  a p p e a r e d  t o  b e  s h i f t e d  
t o  a  w a v e le n g t h  s h o r t e r  t h a n  4 0 0 0 2  i n  t h e  s p e c t r a  f ro m  t h o s e  
p a r t s  o f  t h e  f la m e  a t  h e i g h t s  g r e a t e r  t h a n  3  t o  5cm  a b o v e  t h e  
s u r f a c e  o f  t h e  p e l l e t .  T h u s  i n  t a b l e  5 - 4 ,  t h e  MgO/MgOH b a n d s  
w e re  i n  a b s o r p t i o n  t o  a p p r o x i m a t e l y  3cm a b o v e  t h e  p e l l e t ;  a t  
6cm t h e s e  b a n d s  w e re  i n  e m is s io n  b u t -  t h e  N a  3 3 0 3 2  a n d  t h e : _ "
Mg 28522 l i n e s  w e re  s t i l l  i n  a b s o r p t i o n . -  S i m i l a r l y ,  f o r  3  3 3 - / 3  
M g /C a (N 0 ^ )  2  f l a m e s ,  t h e  M gO/MgOH b a n d s , a n d  a l l  d i s c r e t e
T h e s e  b a n d s  a r e  r e f e r r e d  t o  a s  MgO/MgOH b a n d s  f o r  c o n v e n ie n c e .  
T h e  e m i t t e r  o f  some o f  t h e  b a n d s  i s  u n k n o w n . S e e  s e c t i o n  5 - 7 - 2 .
f e a t u r e s  o f  s h o r t e r  w a v e le n g t h ,  w e re  o b s e r v e d  i n  a b s o r p t i o n  
i n ’; t h e  s p e c t r a  f r o m  t h e  l o w e r  p a r t s  o f  t h e  f la m e - , . h u t  t h e >
M gO/MgOH b a n d s  w e re  o b s e r v e d  i n  e m is s io n  (a n d  w e a k )  i n  t h e  
f la m e  s p e c t r a  a t  1 2  t o  1 5.cm d o w n s tre a m . I n  t h e  l a t t e r  s p e c t r a ,  7 
i t  w as n o t  c l e a r  i f  t h e  Mg 2852$  w as i n  a b s o r p t i o n , / o r  i n  T O '; /- /; /3  * 
e m is s io n  w i t h  c e n t r e ,  r e v e r s e d .  A t t e n u a t i o n  b y  'sm oke i n  t h e  
s m a l l  c o m b u s t io n  c h a m b e r p r e v e n t e d  a  g o o d  p h o t o g r a p h ic  d e n s i t y  .tow-■ 
f r o m  b e in g  o b t a in e d  i n  t h e  (w e a k )  s p e c t r a  f r o m  p a r t s  o f  t h e  f la m e  
a t  some d is t a n c e  f r o m  t h e  s u r f a c e  o f  t h e  p e l l e t .  A s  a  r e s u l t  ; 3 
t h e  s h i f t  o f  t h e  t r a n s i t i o n  w a v e le n g t h  w i t h  i n c r e a s i n g  h e i g h t  777 
i n  t h e  f la m e  c a n n o t  b e  f i r m l y  e s t a b l i s h e d  fro m , t h e  p r e s e n t  •3 7  K... 
o b s e r v a t i o n s .  H o w e v e r ,  c o n s i d e r i n g  a l l  t h e  a v a i l a b l e  s p e c t r a ,  
. t h e r e  i s  l i t t l e  d o u b t  t h a t  e m is s io n  o f  u l t r a v i o l e t  l i n e s  a n d  , ,y V  
b a n d s  w as c h a r a c t e r i s t i c  o f  t h e  u p p e r  p a r t s  o f  f la m e s  a t  7^0 t o r r . ;
( i i i )  A t  a m b ie n t  p r e s s u r e s  b e lo w  a p p r o x i m a t e l y  3 0 0  t o r r  
(d e p e n d in g  o n  t h e  c o m p o s i t io n )  a b s o r p t i o n  f e a t u r e s  com m enced a t  . /  
a  w a v e le n g t h  s h o r t e r  t h a n  4 0 0 0 $  so  t h a t  o n ly  t h e  Mg 2852 $  l i n e  
w as i n  a b s o r p t i o n .  7 .7  7 / ; / 7 /  7 '*  ""
I n  t h e  c a s e  o f  t h e  M g /C a (N 0 ^)2 c o m p o s i t i o n s , . t h e  
o b s e r v a t i o n s  s u g g e s te d  a  p o s s i b l e  c o r r e l a t i o n  b e tw e e n  t h e  
t r a n s i t i o n  w a v e le n g t h  a n d  t h e  b u r n i n g - r a t e .  T h i s  c a n  b e  
' i l l u s t r a t e d  w i t h  r e f e r e n c e  t o  t h e  b u r n i n g - t i m e  p r e s s u r e - c u r v e s  /to  
• f r o m  t h e  tw o  M g /C a (N 0 ^)2 c o m p o s i t io n s  ( f i g .  5 - 2 ) ,  T h e  t r a n s i t i o n  
w a v e le n g t h  r e m a in e d  a t  kOOoR o v e r  t h e  r a n g e  o f  p r e s s u r e s  f o r  •• '•':• '• 
w h ic h  t h e  b u r n i n g - r a t e  w as a lm o s t  c o n s t a n t ;  t h u s  f o r  t h e  -,7 / " .  -'1/  
55$  M g /C a (N 0^)2 c o m p o s i t io n ,  t h e  t r a n s i t i o n  w a v e le n g t h  w as , 
fo u n d ,  t o  b e  4 0 0 0 $  a t  a m b ie n t  p r e s s u r e s  f ro m  760 t o  395 t o r r , -"7?
b u t  a t  255 . t o r r ,' a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m  d i d  n o t  
o c c u r  a b o v e  a  w a v e le n g t h  o f  3 0 0 0 $  a n d  t h e  Mg 2852$  l i n e  w as v-, • 7/  
t h e  o n ly  a b s o r p t i o n  f e a t u r e  ( a l t h o u g h  t h e  Mg 3 3 3 8  a n d  3 0 9 7 $  "
t r i p l e t s - c o u l d  n o t  b e  d i s t i n g u i s h e d  a g a i n s t  t h e  c o n t in u u m ) ; ,7 .3 , 
a t  119  t o r r ,  t h e  2852$  l i n e  w as i n  e m is s io n . 3 777 ' ' 7  3 /;.^ /;;,,.
. ,'v•. • A n  a t t e m p t  t o  o b t a i n  a  s i m i l a r  c o r r e l a t i o n  f o r  t h e  • T O X ( 3- 
.s t o i c h i o m e t r i c  M g /S r ( N 0^)2 c o m p o s i t io n  g a v e  i n c o n c l u s i v e  / V  ; 7 
r e s u l t s  b e c a u s e  t h e  p e l l e t s  i n  t h e  p a r t i c u l a r  b a t c h  u s e d  t o o k  
a  lo n g  ( a b o u t  a  s e c o n d )  a n d  v a r i a b l e  t im e  t o  b eco m e f u l l y
i g n i t e d  so  t h a t  t h e  s p e c t r a  m ay h a v e  i n c lu d e d  p a r t  o f  t h e  
i g n i t i o n  p r o c e s s .  S p e c t r a l  o b s e r v a t i o n s  a t  d i f f e r e n t  p o i n t s  
o n  t h e  p r e s s u r e  b u r n in g  t im e  c u r v e  ( f i g .  5 - 3 )  g a v e  t h e  
f o l l o w i n g  r e s u l t s :  • ■ ' “
( a )  S p e c t r a  f r o m  t h e  f i r s t  1 t o  2cm o f  t h e  f la m e
a t  ? 6 0  a n d  650 t o r r  h a d  t h e  MgO/MgOH b a n d s  3 8 6 6 - 3 7 0 0 $ V  
i m p u r i t y  l i n e s  a t  3 3 0 3  a n d  3 0 6 8 $  a n d  t h e  Mg 2852$  
l i n e  a l l  i n  a b s o r p t i o n ;  t h e r e  w e re  n o  e m is s io n  . 7
f e a t u r e s  a t  w a v e le n g t h s  l e s s  t h a n  4 0 0 0 $  a n d  o n l y ,  
e m is s io n  f e a t u r e s ,  a t  l o n g e r  w a v e le n g t h s .
( b )  S i m i l a r  s p e c t r a  a t  4 9 0 ,  3 4 0  a n d  2 7 5  t o r r  h a d
a  m i x t u r e  o f  a b s o r p t i o n  a n d  e m is s io n  a t  w a v e le n g t h s  
l e s s  th a n .  4 0 0 0 $ .  A t  4 9 0  t o r r  a l l  t h e  f e a t u r e s  fo u n d  
i n  a b s o r p t i o n  a t  7&0 t o r r ;  w e re  i n  a b s o r p t i o n ,  b u t  t h e  
Mg t r i p l e t s  a t  3 3 3 8  a n d ' 3 0 9 7 $  a n d  som e u n i d e n t i f i e d  
l i n e s  3 4 0 0 - 3 3 5 0 $  w e re  i n  e m is s io n .  A t  2 7 5  t o r r ,  t h e  
s p e c t r u m , e x p o s e d  f o r  T  s e c o n d , e x te n d e d  o n l y  t o  
3 6 0 0 $  a n d  sh o w e d  t h e  MgO/MgOH b a n d s  i n  e m is s io n  e x c e p t  
f o r  t h e  s t r o n g  h e a d s  a t  3725*5 a n d  3720$ . w h ic h  w e re  
i n  a b s o r p t i o n .
T h e  u l t r a v i o l e t  s p e c t r a  a t  4 9 0 ,  3 4 0  a n d  2 7 5  t o r r  w e r e
s i m i l a r  t o  s p e c t r a  a t  7 6 0 a n d  610 t o r r  t a k e n  d u r in g
t h e  i g n i t i o n  s t a g e ,  b u t  s p e c t r a  i n  t h e  v i s i b l e
r e g i o n  d i f f e r e d  i n  t h a t . n o  C r  l i n e s ' w e r e  p r e s e n t
a n d  t h e  S r  r e s o n a n c e  l i n e  a t  4 6 0 7 $  w as  r e v e r s e d  i n  ; />•■
t h e  f o r m e r  w h e re a s  t h e  o p p o s i t e  w as t r u e  i n  t h e  -
i g n i t i o n  s p e c t r a  a t  760 a n d  610 t o r r .
S p e c t r a  o f  t h e  I g n i t i o n  P r o c e s s
5 - 3 * 1 .  M e th o d  .'
I n  o r d e r  t o  d i s t i n g u i s h  s p e c t r a l  f e a t u r e s  w h ic h  o c c u r r e d  
o n ly  d u r in g  t h e  i g n i t i o n  p r o c e s s  fro m  f e a t u r e s  c h a r a c t e r i s t i c  o f  
t h e  m a in  c o m b u s t io n  p r o c e s s ,  i t  w as n e c e s s a r y  t o  r e c o r d  some y  
s p e c t r a  o f  t h e  i g n i t i o n  s t a g e .  I t  w as fo u n d  t h a t  t h i s  c o u ld
- -  8 6 ’ -
b e s t  b e  d o n e  b y  m a n u a l ly  r a c k i n g  t h e  p l a t  e - h o ld e r ,  o f  t h e  H i l g e r  '.'3; 
M ed iu m  s p e c t r o g r a p h  t o  o b t a i n  a  c r u d e  t i m e - r e s o l v e d  s p e c t r u m  ; 3 v- 
w h ic h  sh o w e d  t h e  i g n i t i o n ,  t h e  t r a n s i t i o n  t o  t h e  m a in  c o m b u s t io n  
p r o c e s s  a n d  t h e  f la m e  p r o p e r .  3 3  / .  '3... J "  3 ' 3 3 + . ' .
T h e  t e c h n iq u e  u s e d  w as a s  f o l l o w s :  o n e  o f  t h e  h o l e s  o f  . 3  , • 
t h e  H a r tm a n n  d ia p h ra g m  w as p la c e d  o v e r  t h e  s l i t  o f  t h e  s p e c t r o g r a p h  
a n d  a  p o i n t  im m e d ia t e ly  a b o v e  t h e  s u r f a c e  o f  t h e  ( u n i g n i t e d )  3
p e l l e t  w as fo c u s e d  o n to  t h i s  h o l e .  T he . s l i t  w as o p e n e d  a n d  
m o vem en t o f  t h e  p l a t e - h o l d e r  w as s t a r t e d  b e f o r e ,  i g n i t i o n  o f 3  3 3 * ' 
t h e  p e l l e t .  T h e  p e l l e t  w as c la m p e d  a t  i t s  b a s e  so  t h a t  t h e  
d is t a n c e  b e tw e e n  t h e  s u r f a c e  o f  t h e  p e l l e t  a n d  t h e  p o i n t  i n  t h e  3  
f la m e  fo c u s e d  o n  t h e  s l i t  .c h a n g e d  w i t h  t i m e ,  >.t ' o l a /  m axim um -;o f 3/  3  3 3  
2 * 5 c m . I n  r e a l i t y ,  t h e r e f o r e ,  t h e  s p e c t r a  w e re  n o t  p u r e l y  
t i m e - r e s o l v e d  s p e c t r a  b u t  w e re  a l s o  s p a c e - r e s o l v e d  o v e r  t h e ; / . 3 3  3"  
f i r s t  2 * 5cm  o f  t h e  f l a m e .  I n  p r a c t i c e ,  b u i l d - u p  o f  sm oke i n  
t h e  c o m b u s t io n  c h a m b e r a l lo w e d  o n ly  a b o u t  o n e  t h i r d  o f  t h e  b u r n i n g -  
t im e  t o  b e  u s e d .  • . 3 , ’ 3 3  • ' ' • 3 - 3 3 3 - 3 3 .3 . -
S t o i c h i o m e t r i c  c o m p o s i t io n s  o f  M g /M (N 0 ^ )2 , w h e re  M =  C a ,  3 
S r  o r  B a , w e re  u s e d - a n d  c o m b u s t io n  w as a t  a n  a m b ie n t  p r e s s u r e  . . ' 3 3 , ;:- 
o f  760 t o r r .  3  ", . . -• - '- 3  3 3  ' ' 7 3 3 / 3 3
5 - 3 « 2 .  R e s u l t s  ■ 7 . ' . 3 3 3 -33; 3 -7 3 { 3 ' + 3  3
W it h  0 * 5 i n  d ia m e t e r  p e l l e t s  o f  M g /S r (N O ^ .)^  i g n i t e d  b y 3- 3  •
p r i m e r  I ,  t h r e e  d i s t i n c t  s t a g e s  c o u ld  b e  s e e n .  W h a t i s  a s su m e d
t o  b e  t h e  i g n i t i o n  s t a g e  w as c h a r a c t e r i s e d  b y  t h e  f o l l o w i n g :
a n  u n i d e n t i f i e d  e m is s io n  l i n e  o r  b a n d  a t  r e d  w a v e le n g t h s ;
t h e  S r  r e s o n a n c e  l i n e ,  4 6 0 7 2 ,-  w as n o t  r e v e r s e d ;  , 3 3  3 3 . • .
t h r e e '  C r  e m is s io n  l i n e s  4 2 9 0 ,  3 4 2 7 5  a n d  4 2 5 4 2 ;
t h e  MgO/MgOH b a n d s  3 8 6 6 - 3 7 0 0 2  i n  e m is s io n ;  [ y f r j y  ■
t h e  Mg t r i p l e t s  a t  3 3 3 8  a n d  3 0 9 7 2 . i n  e m is s i o n ; .
t h e  N a  i m p u r i t y  l i n e  a t  3 3 0 3 2  i n  a b s o r p t i o n ;  3 '“ '3  3 : .- ; : ;f-3
t h e  Mg 2 8 5 2 2  l i n e  i n  a b s o r p t i o n  a n d  n a r r o w .  3 .3 '3 .3  3 .
T h e  i g n i t i o n  s t a g e  f a d e d  i n t o  a n  i n t e r m e d i a t e  s t a g e  i n  w h ic h  3  3  3
t h e  tw o  b a n d s  o f  t h e  MgO/MgOH s y s te m  w i t h  m e a s u re d  w a v e le n g t h s  •;
o f  3 7 2 5 * 5  a n d  3 7 2 0 * 4 $  w e n t  i n t o  a b s o r p t i o n  b u t  t h e  r e s t  o f  
t h e  s y s te m  w as i n  e m is s io n .  T h e  u n i d e n t i f i e d  r e d  f e a t u r e  
a n d  t h e  C r  l i n e s  w e re  a b s e n t .  O t h e r w is e  t h e  s p e c t r u m  w as  
q u a l i t a t i v e l y  s i m i l a r  t o  t h e  i g n i t i o n  s t a g e .
T h e  f i n a l  s t a g e ,  -  p r e s u m a b ly  t h e  f la m e  p r o p e r , -  - y
w as c h a r a c t e r i s e d  b y  t h e  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m  o f  „
t h e  MgO/MgOH b a n d s ,  3 8 6 6 - 3 7 0 0 $ ,  a n d  t h e  Mg 3838$  t r i p l e t ,  . y y y  
a n d  b y  t h e  a b s e n c e  o f  a n y  d i s c r e t e  e m is s io n  f e a t u r e s  a t  
w a v e le n g t h s  s h o r t e r  t h a n  4 0 0 0 $ .  T h e  Mg 2852$  a b s o r p t i o n  
l i n e  h a d  a  w id t h  o f  s e v e r a l  $ n g s t r o m s .  L in e  :a n d  b a n d  V7-. 
e m is s io n  c o n t in u e d  i n  t h e  v i s i b l e  r e g i o n  b u t  t h e  4 6 0 7 $  
r e s o n a n c e  l i n e  o f  S r  w as  r e v e r s e d .
B r o a d l y  s i m i l a r  r e s u l t s  w e re  o b t a in e d  w i t h  0 « 8 i n  
p e l l e t s  o f  s t o i c h i o m e t r i c  M g /M (N 0 ^)2 (M =  C a ,  S r ,  B a )  
i g n i t e d  w i t h  p r i m e r  I I .  T he: i g n i t i o n  s t a g e  w as  s o m e w h a t . •  > 
d i f f e r e n t :  i t  w as c h a r a c t e r i s e d ,  a s  b e f o r e ,  b y  t h e  e m is s io n  
o f  t h e  MgO/MgOH b a n d s  3 8 6 6 - 3 7 0 0 $  a n d  t h e  a b s o r p t i o n  o f  t h e .
Mg 2852$  l i n e ,  b u t  b e tw e e n  t h e s e  tw o  f e a t u r e s  o n l y  a b s o r p t i o n  
f e a t u r e s  .o c c u r r e d .  I n  a d d i t i o n ,  t h e  lo n g  w a v e le n g t h  e m is s io n  
f e a t u r e s  d u e  t o  t h e  p r i m i n g  c o m p o s i t io n  w e re  d i f f e r e n t :
b r o a d  s e l f  r e v e r s e d  l i n e s  i n  t h e  f a r  r e d  a n d  a t
a p p r o x i m a t e l y  4 q 4 0 $ ,  b o t h  m o st l i k e l y  d u e  t o  K a t o m s ; .
tw o  g ro u p s  o f  l i n e s  o r  b a n d s  i n  t h e  y e l l o w - g r e e n  r e g i o n
w h ic h  w e re  n o t  i d e n t i f i e d .
I n  t h e  t r a n s i t i o n  s t a g e , t h e  3 7 2 5 * 5  a n d  3 7 2 0 * 4 $  b a n d s  w e re  i n  . 
a b s o r p t i o n  b u t  t h e  r e m a in d e r  o f  t h e  MgO/MgOH w as I n  e m is s io n .
T h e 1 f i n a l ,  f la m e  p r o p e r , s t a g e  w as s i m i l a r  t o  t h a t  d e s c r ib e d ,  y  
a b o v e  e x c e p t  t h a t  t h e  K  l i n e s  a t  4 o 4 7 /4 o 4 4 $  w e re  i n  a b s o r p t i o n  >  
i n  M g /B a (N 0^)2 a n d  M g /S r ( N 0^)2 f l a m e s .
On a l l  p l a t e s  a  v e r y  d i f f u s e  l i n e  c e n t r e d  a t  a p p r o x i m a t e l y  
3880$  se em ed  t o  b e  i n  e m is s io n  i n  t h e  s p e c t ru m  o f  t h e  f la m e  
p r o p e r ;  h o w e v e r ,  i t  i s  m o re  l i k e l y  t h a t  a  w e a k e r  g ro u p  o f  
MgO/MgOH b a n d s  a t  3 9 4 5 - 3 9 1 0 $  ( s e e  p l a t e  5 - 3 )  w as  i n  a b s o r p t i o n
th u s  g i v i n g  t h e  a p p e a r a n c e  o f  a  d i f f u s e  e m is s io n  l i n e  b e tw e e n  
t h i s  w e a k e r  g ro u p  a n d  t h e  . . f i r s t  s t r o n g  g ro u p  3866- 3800$ -  ' ' y ' f / V 1-: y v+ 
S i m i l a r l y  a  s h o r t  w a v e le n g t h  g ro u p  o f  w e a k  b a n d s ,  c e n t r e d  
a t  3650$ ,  se em ed  t o  b e  i n  a b s o r p t i o n  o n  a l l  p l a t e s .  a -
S p e c t r a  f ro m  F la m e s  i n  A r g o n  a n d  o t h e r  A tm o s p h e re s
Some s p e c t r a  w e re  . r e c o r d e d  o f  t h e  e m is s io n  a t  v a r i o u s y / / y  
p o s i t i o n s  i n  t h e  f la m e s  f r o m  s t o i c h i o m e t r i c  . M g / C a ( N 0 ^ ) M g / S r ( N 0 ^ )  
a n d  M g /B a C N O ^ )^  c o m p o s i t io n s  b u r n in g  i n  a r g o n  a t  76O t o r r .
I n  g e n e r a l  t h e  s p e c t r a  w e re  n o t  d i f f e r e n t , ,  q u a l i t a t i v e l y ,  -.y  ■ y  
f ro m  t h e  c o r r e s p o n d in g  s p e c t r a  e m i t t e d  d u r in g  c o m b u s t io n  i n  
a i r .  H o w e v e r ,  some d i f f e r e n c e  w as o b s e r v e d  i n  t h e  c a s e  o f  
t h e  r e s o n a n c e  l i n e s  o f  M g , C a , S r  a n d  B a : t h e s e  l i n e s  sh o w e d  - v.
s e l f - r e v e r s a l  ( o r  b r o a d  a b s o r p t i o n  i n  t h e  c a s e  o f  M g) o v e r  a
g r e a t e r  d is t a n c e  i n  t h e  f l a m e .  .T h e  C a  4 2 2 7 $  l i n e ,  f o r  e x a m p le ,  
w as fo u n d  s e l f - r e v e r s e d  a t  5cm  d o w n s tre a m  fr o m  t h e  p e l l e t  w h e r i y y '
t h e  a m b ie n t  a tm o s p h e r e  w as a r g o n ,  b u t  n o t  w h en  i t  w as a i r .
S p e c t r a  ( 7 0 0 0 - 4 0 0 0 A )  w e re  a l s o  r e c o r d e d  f r o m  a  p o s i t i o n ;  
i n  t h e  f la m e  2 *5 c m  a b o v e  t h e  s u r f a c e  o f  p e l l e t s  b u r n e d  i n  
d i f f e r e n t  a tm o s p h e r e s  a t  a  t o t a l  p r e s s u r e  o f  2 5 0  t o r r . .  P e l l e t s  
o f  M g /S r (N 0 ^ ) .p  a n d  M g /B a ( N 0 ^ ) 2 , b o th ,  c o n t a i n i n g  e x c e s s  f u e l  
w e re  u s e d .  T h e  a m b ie n t ;  a tm o s p h e r e s  w e r e :  a r g o n ,  n i t r o g e n ,  . to.' .; 
o x y g e n - e n r ic h e d  a i r  a n d  a i r .  No q u a l i t a t i v e  d i f f e r e n c e  c o u ld  
b e  s e e n  i n  t h e  s p e c t r a  f ro m  a n y  o n e  c o m p o s i t io n  b u r n in g  i n  V I n ­
d i f f e r e n t  a tm o s p h e r e s .  B u r n i n g - t im e s  .w e re  a l s o  r e c o r d e d  . / y j  
( p h o t o e l e c t r i c a l l y )  a n d  t h e y  a l s o  sh o w ed  n e g l i g i b l e  d i f f e r e n c e  
f o r  a n y  o ne c o m p o s i t io n  i n  d i f f e r e n t  a tm o s p h e r e s .  . ?v.
O t h e r  S p e c t r a l  O b s e r v a t io n s  y .  : , '<;<■[ ■■■,<’" 5 y
. 5 - 5 . 1 .  M g /N aN O ^  F la m e s  .. . -v. ' ^  V ; . " y / '
F o r  c o m p a r is o n ,  a  fe w  s p e c t r a  w e re  o b t a in e d  o f  t h e  
f la m e s  f ro m  M g /N aN O ^  c o m p o s i t io n s  c o n t a i n i n g  36 o r  41 p e r  c e n t  
b y  w e ig h t ; . - f u e l .  T h e  l a t t e r  i s  t h e  s t o i c h i o m e t r i c  c o m p o s i t io n ’.
• y ; y  T h e  s p e c t r a  i n  t h e  v i s i b l e  r e g i o n  sh o w ed  a  c o n t in u u m  
s u p e r im p o s e d  o n  w h ic h  w e r e  l i n e s  o f  t h e  d i f f u s e ,  a n d  s h a r p  y
s e r i e s  o f  N a  a s  w e l l  a s  t h e  D - l i n . e s  a n d  i t s  a s s o c i a t e d  c o n t in u u m ,
( p l a t e  5 - 4 ) ;  t h e  Mg l i n e s  a n d  MgO b a n d s  o b s e r v e d  i n  M g /M (N O ^ )>
f la m e s  w e re  a l s o  p r e s e n t .  A b o u t  e i g h t  h e a d s  o f  t h e  0 - 0  
1 1
s e q u e n c e  o f  t h e  2  -  2  g r e e n  s y s te m  o f  MgO a p p e a r e d .
I n  t h e  u l t r a v i o l e t  r e g i o n ,  t h e  MgO/MgOH b a n d s  3 8 6 6 - 3 7 0 0 $  
w e re  f a i n t l y  i n  e m is s io n  i n  t h e  s p e c tru m  f ro m  t h e  b a s e  o f  f la m e s  
a t  7 6 0  t o r r .  A t  w a v e le n g th s ,  s h o r t e r  t h a n  t h e s e  b a n d s  d i s c r e t e  
f e a t u r e s  w e re  p r e s e n t  o n l y  i n  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m . " 
T h e  p r i n c i p a l  a b s o r p t i o n  l i n e s  w e re  t h e  N a  3 S -4 P  d o u b le t  a t  
3 3 0 3 $ ,  t h e  Mg 2 8 5 2 $  r e s o n a n c e  l i n e  a n d  t h r e e  l i n e s ,  p o s s i b l y  ' 
d u e  t o  i m p u r i t i e s ,  w i t h  w a v e le n g t h s  i n  t h e  r a n g e  3600- 3550$ . -  ‘
A t  2 0 0  t o r r  t h e  N a  3 3 0 3 $  l i n e  w as  i n  e m is s io n  a n d  n o  a b s o r p t i o n  
f e a t u r e s  w e re  p r e s e n t  a t  l o n g e r • w a v e le n g t h s .  .
F la m e s  f r o m  0 * 8 i n  - d ia m e t e r  p e l l e t s  b u r n in g  a t  760 t o r r  
g a v e  t h e  sam e a b s o r p t i o n  p a t t e r n ,  e x c e p t  t h a t ,  a l t h o u g h  t h e  : 
MgO/MgOH b a n d s  w e re  f a i n t l y  i n  e m is s io n ,  a  d o u b le t  a t  4 0 4 4 ,  r  ‘
4 0 4 7 $  d u e  t o  K ’ s e em ed  t o  be. s t r o n g l y  a b s o rb e d  ( c f .  s e c t i o n  5 - 3 * 2 ) ,  *
A s p e c t r u m  s h o w in g  l i n e s  o f  t h e  p r i n c i p a l  s e r i e s  o f  N a  
i n  t h e  r a n g e  4 0 0 0 - 2 4 8 0 $  i n  a b s o r p t i o n  a g a i n s t - t h e  f la m e  c o n t in u u m  
i s  sh o w n  i n  f i g .  5 - 4 .  I t  w as  o b t a in e d  b y  i n t e g r a t i n g  t h e  l i g h t  •, 
f ro m  t h r e e  0 * 5 i n  d ia m e t e r  p e l l e t s  b u r n e d  c o n s e c u t i v e l y  i n  t h e  
m e t a l  fu m e  c u p b o a r d .  T h e  s p e c t r o g r a p h  r e c e i v e d  l i g h t  f r o m ; t h e  
w h o le  p r o j e c t e d  f la m e  a r e a .  D u r in g  c o m b u s t io n ,  t h e  c a r d b o a r d ; : --.7 
c a s in g  o f  tw o  p e l l e t s !  s p l i t  a n d  t h e  l a r g e r  a r e a  o f  p e l l e t ’ 3 ! 7 ;  
s u r f a c e  a v a i l a b l e  r e s u l t e d  i n  v e r y  r a p i d  b u r n in g ,  a n d  m in o r  ’ • “ •
e x p l o s i o n s .
5 - 5 * 2 .  S p e c tr u m  fr o m  M g /B a (N 0 ^) 2 E x p lo s io n
A 0 * 5 i n  d ia m e t e r  M g /B a ( N 0 ^ ) 2  p e l l e t  w as o b s e r v e d  t o  b u r n  , 
i n  a n  e x p l o s i v e  m a n n er, a t  2 0 0  t o r r .  A s p e c t ru m  w as r e c o r d e d  i n  
t h e  v i s i b l e  r e g i o n  o n l y .  T h e  s p e c t ru m  h a d  B a  l i n e s ,  i n  
a b s o r p t i o n  a g a i n s t  t h e  f a i n t  c o n t in u u m , a t  6527 , 6 3 4 2 ,  6063,
6 0 1 9 ,  5 9 7 2 ,  5 5 3 5  a n d . 4 1 3 2 $ .  T h e  r e s o n a n c e  l i n e s  o f  S r ,  C a  a n d  
N a  a n d  b a n d s  o f  B a C l w e re  a l s o  i n  a b s o r p t io n * /  No Mg l i n e s  o r  
MgO b a n d s  w e re  p r e s e n t .  T h e  o n ly  e m is s io n  f e a t u r e  w as  a  B i  
l i n e  a t  4 7 2 3 $ ;  t h i s  w as  p r o b a b l y  e m i t t e d  d u r in g  t h e  i g n i t i o n  s t a g e .
- C in e - P h o t o g r a p h y  o f  M g /M (N 0 3 3 F la m e s  7
5 - 6 , 1 ,  S c o p e  , ■ ,.v3 ‘ j i
C in e - s e q u e n c e s  w e re  t a k e n ,  w i t h  t h e  F a s t a x  h ig h - s p e e d  
c a m e ra , o f  t h e  f la m e s  f r o m :  + ‘''•3 ;.. . • 3
( a )  s t o i c h i o m e t r i c  M g /S rC N O ^ )^ . c o m p o s i t io n s  b u r n in g - -  
a t  ? 60. t o r r  a i r  , 500 t o r r ' a i r  a n d  300 t o r r  a r g o n ; 3
( b )  5 5 $  M g /C a (N 0^)2 c o m p o s i t io n s  b u r n in g  a t  760, t o r r  ,3-v
- ' ; • a n d  210 t o r r .
T h e  p e l l e t s  ..w o re , u s u a l l y  e n c a s e d  i n  c a r d b o a r d  b u t  f o r  
some f i l m s  t h i s  c a s in g  w as re m o v e d  a n d  t h e  s i d e s  o f  t h e  p e l l e t
b o u n d  w i t h  " s e l l o t a p e " .  ,
■:. <.
. O t h e r  e x p e r i m e n t a l  d e t a i l s  a r e  g iv e n  i n  s e c t i o n  4 - 4 . 2 3 - . -
5 - 6 . 2 .  A p p e a r a n c e  o f  F la m e
■ T h e  g e n e r a l  a p p e a r a n c e  o f  t h e  f la m e s  i s  i l l u s t r a t e d ,  
b y  t h e  c i n e - f r a m e s  sh o w n  i n  p l a t e s  5-8  a n d  5-9  •
O v e r  t h e  f i r s t  4  t o  10cm  o f  i t s  h e i g h t ,  t h e  f la m e  w as
fo u n d  t o  b e  c y l i n d r i c a l  w i t h  t h e  sam e d ia m e t e r  a s  t h e  s o l i d  V .3  
p e l l e t ; ,  t h e  lu m in o u s  m a t e r i a l  i s s u i n g  fro m  t h e  s u r f a c e  o f  t h e  
p e l l e t  w as  o b s e r v e d  t o  b r e a k  i n t o  p ro n o u n c e d  t u r b u l e n t  b i l l o w s  3  
a t  4  t o  10cm  fr o m  t h e  s u r f a c e .  T h e  e f f e c t  w as r a t h e r  l i k e  t h e  3 r 
u p w a rd  f l o w  o f  sm oke f r o m  a  h o r i z o n t a l l y - h e l d  c i g a r e t t e .  C lo s e r ,  
o b s e r v a t i o n  o f  t h e  f i l m s  s u g g e s te d  t h a t  t h e  m a t e r i a l  f ro m  .th e !  /  
s u r f a c e  w as. e j e c t e d  i n  d i s c r e t e  b u r s t s ,  w i t h  a  m a jo r  s u r f a c e  
e r u p t i o n  o c c u r r i n g  i r r e g u l a r l y  a t  a  f r e q u e n c y  o f  o n e  e v e r y  ; 3  
4  t o  o n e  e v e r y  2 0  f r a m e s  ( 1 1 0 0  t o  2 2 0  p e r  s e c o n d ) .  B e tw e e n  ; . .• 
t h e s e  e r u p t i o n s  t h e  " n o n - t u r b u l e n t "  c y l i n d r i c a l  p a r t  o f  t h e  
f la m e  c o n t r a c t e d  t o  a b o u t ; h a l f . i t s  h e i g h t  a t  t h e  p e a k  o f  
e r u p t i o n .  3  -7 ; . . 3 :s/ >‘- ' - 3 3  7 3 .3 3
W in g s  c o u ld  b e  s e e n  s o m e tim e s  o n  t h e  s i d e s  o f  t h e  3 :' 
c y l i n d r i c a l  p o r t i o n  o f  t h e  f l a m e ,  b e g in n in g  a t  a p p r o x i m a t e l y  
3cm f ro m  t h e  ' p e l l e t .  T h e  m o t io n  o f  t h e s e  w in g s  d o w n s tre a m  
im p a r t e d  a  C h r i s t m a s - t r e e  a p p e a r a n c e  t o  t h e  f l a m e . -  On tw o  o f
t h e .  F a s  t a x  f i l m s  t h e r e  w as a  d i s t i n c t  im p r e s s io n  t h a t  t h e  7 37-3 
e n t i r e  f la m e  w a s / r o t a t i n g  a b o u t  a  v e r t i c a l  a x i s .  ' - toto-TO/toL- 7 7 7 ’
5 - 6 . 3 *  P a r t i c l e  T r a c k s  : 7 f  ; .; : 7. 7-'. .-
On t h e  m o re  s t r o n g l y  e x p o s e d  f i l m s  lu m in o u s  p a r t i c l e s  
w e re  o b s e r v e d  t o  t h e  s i d e s  a n d  a t  t h e  to p  o f  t h e  f l a m e .  T h e : -., 
p a r t i c l e s  p r o b a b l y  cam e f r o m  t h e  s u r f a c e  o f  t h e  b u r n in g  p e l l e t  
a l t h o u g h  t h i s  w as  n o t  d i r e c t l y  o b s e r v e d .  P a r t i c l e s  w i t h  
a p p a r e n t  d ia m e t e r s  o f  a s  m uch a s  a  fe w  m i l l i m e t r e s  w e re  n o t e d .  
Some p a r t i c l e s  h a d  lu m in o u s  c o m e t - l i k e  t a i l s .  T h a t  so m e , a t  3  
l e a s t ,  o f  t h e  p a r t i c l e s  w e re  s p in n in g  c o u ld  b e  i n f e r r e d  f ro m  
t h e  m o t io n  o f  t h e  t a i l s  a n d  f ro m  a  t w i n k l i n g  e f f e c t  w h ic h  w as  
d u e , p r e s u m a b ly ,  t o  t h e  p a r t i c l e s  b u r n in g  o n  o n e " s id e  o n l y .
7 T h e  r a t e  o f  r o t a t i o n  o f  t h e  p a r t i c l e s  w as e s t im a t e d  a s  s e v e r a l  
h u n d r e d  r . - p . s .
C l o t s  o f  c o m p o s i t io n  w e re  o c c a s i o n a l l y  e j e c t e d  f r o m  -.».7 
t h e  s u r f a c e  o f  t h e  p e l l e t  .- - T h e  c l o t s ,  w e re  n o n - lu m in o u s  / b u t  
w e re  e i t h e r  b u r n in g  o n  o n e  s i d e  o r  w e re  i g n i t e d  a s  t h e y : 
t r a v e l l e d  u p w a r d s . • 3  j  :v - , : - ' - ■. .-7.
T h e  l i n e a r  v e l o c i t y  o f  t h e - p a r t i c l e s  .w as  o f  t h e  o r d e r .;-'2
■-/1 -1  ' ' ' • -'/TO..... . ’ j - .// • 3 'V.-7
600 cm s t o  2000 cm s , t h e  h i g h e r  v e l o c i t y  b e in g  fo u n d  i n
M g /C a (N 0 ^)2 f l a m e s .  T h e s e  v e l o c i t i e s  w e re  e s t im a t e d  fro m , t h e
d is t a n c e  t r a v e l l e d  b y  a  p a r t i c l e  .b e tw e e n  s u c c e s s iv e  f r a m e s .
, . , 7 7  T h e  l i n e a r  v e l o c i t y  o f  t h e  m a in  f la m e  c o n s t i t u e n t s ,  
e s t im a t e d  f ro m  t h e  m o t io n  o f  t h e  t u r b u l e n t  b i l l o w s  a n d  t h e  . ■'.'• 
l,w in g s ,! , w as h i g h e r  t h a n  t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  
s u r r o u n d in g  t h e  f la m e  a n d  w as o f  t h e  ’o r d e r  ‘ T O ' ;
3000-5000 cm s ” 1 f o r  M g /S r ( N 0 ^)2 f la m e s , .  :
4 0 0 0 - 6 0 0 0  cm s " ^  f o r  M g /C a (N 0^)2 f l a m e s .  - ..77 TO/r/ y
T h e  v e l o c i t y  i n  t h e  c y l i n d r i c a l  n o n - t u r b u l e n t  p o r t i o n  o f  t h e  7 
f la m e  w as h i g h e r ,  p r o b a b l y  b y  a  f a c t o r  o f  t w o .  •
D e t a i l s  o f  L in e s  a n d  B a n d s  o b s e r v e d  i n  M g /M (N O ^ )^, F la m e s  ' v'
5 - 7 . 1 .  I n t r o d u c t i o n  . -  • / "  :- l j : / /■  ' . / y .  . . :V'. 7 / . \ y
T h i s  s e c t i o n  i s - i n t e n d e d  t o  s u p p le m e n t  t a b l e s  5 - 1  t o  .
5 - 7 ? b y  g i v i n g  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  l i n e s  a n d  - t o / / / /  
b a n d s  l i s t e d  i n  t h o s e  t a b l e s ,  a n d  a l s o  b y  n o t i n g  o t h e r ,  \  y 7 . y './ 
u s u a l l y  w e a k e r , d i s c r e t e  f e a t u r e s  o f  t h e . f l a m e  s p e c t r a .
T h e  w e a k e r  l i n e s  a n d  b a n d s  b eca m e d i s c e r n i b l e . i n  s p e c t r a  . ; ; ' / y  :
f ro m  f la m e s  a t  l o w  a m b ie n t  p r e s s u r e s  b e c a u s e  o f  t h e  in c r e a s e d  : .,;• ••
l in e / c o n t i n u u m  i n t e n s i t y  r a t i o  i n  t h e  lo w  p r e s s u r e  s p e c t r a .
No a t t e m p t  i s  m ade t o  g iv e  a  f u l l  a c c o u n t  o f  t h e  /? V/ T y .  
v a r i a t i o n  o f  t h e  w e a k e r  e m is s io n s  w i t h  h e i g h t  i n  t h e  f l a m e .  y . y  
I t  c a n  b e  s a i d  t h a t ,  i n  g e n e r a l , w e a k e r  s p e c i f i c  e m is s io n s  
w e re  n o t  d e t e c t e d  o v e r  t h e  e n t i r e  p a r t  o f  t h e  f la m e  e x a m in e d .y  TO/ 
H o w e v e r ,  t h e  lo w e r  t h e  a m b ie n t  p r e s s u r e , . ,  t h e  g r e a t e r  w as t h e  7  "b y  
d is t a n c e  d o w n s tre a m  f r o m  t h e  p e l l e t  a t  w h ic h  a n y  l i n e  o r  b a n d  y e -  - 
c o u ld  b e  o b s e r v e d .  ( F o r  e x a m p le ,  t h e  S r +  a n d  B a +  l i n e s  i n  
t a b l e s  5 - 4  t o  5 - 7 ')  • .O n ly  t h e  f i r s t  15cm  o f  t h e  f la m e  w as  ; ,
c o n s i s t e n t l y  o b s e r v e d .  - . ‘ • Z  , . ' r
I n  a d d i t i o n  t o  o b s e r v a t i o n s  o n  t h e  f la m e s  o f  0 « 5 i n  . ,,. 7 -.to,
d ia m e t e r  p e l l e t s  o f  t h e .  s t o i c h i o m e t r i c . c o m p o s i t io n s ,  a n d  o f  .'./'to'; ..v  • - /- - .  
t h e  99% M g /C a ^ O ^ ) ^  c o m p o s i t io n ,  s p e c t r a  w e re  a l s o  o b t a in e d  . r / / ;.> 
fro m  f la m e s  o f  0 * 8 i n  d ia m e t e r  p e l l e t s  O f s t o i c h i o m e t r i c  ••••/ " / / / t o i  -
M g /» S r(N 0^)2 a n d  M g /B a ^ O ^ ) ^ -  T h e / l a r g e r  d ia m e t e r  p e l l e t s  
p r o p a g a t e d  c o m b u s t io n  a t  lo w e r  a m b ie n t  p r e s s u r e s  ( t o  100 t o r r  . . / . / >  ; 
a p p r o x i m a t e l y )  t h a n  0 * 5 i n  d ia m e t e r  p e l l e t s  o f  t h e  sam e " 't o / / ,  to.to -
c o m p o s i t io n .  S p e c t r a  w e re  a l s o  t a k e n  o f  f la m e s  f r o m  t h e  7 y / y y y y  
f u e l - r i c h  c o m p o s i t io n s  45%  M g /S r tN O ^ )^  a n d  40% M g /B a tN O ^ )^
( 0 « 5 i n  d ia m e t e r  p e l l e t s ) . /  No q u a l i t a t i v e  d i f f e r e n c e  w as - • / / /  / / ■  
o b s e r v e d  b e tw e e n  t h e .  s p e c t r a  f r o m , th e .  l o w - p r e s s u r e  f la m e s  o f  ; y / Z *  - 
a  f u e l - r i c h  c o m p o s i t io n  a n d  o f  a  s t o i c h i o m e t r i c  c o m p o s i t io n .  / • ' / •
' • 7 5 - 7 - 2 .  "M gO " B a n d s  4 0 0 0 - 3 6 0 0 $  ' ' / / ’ . . ' / / .  •
T h e  a p p e a r a n c e  o f  t h e  e m is s io n  b a n d s ,  4 0 0 0 - 3 ^ 0 0 $ ,  . 
o b s e r v e d  i n  t h e  p r e s e n t  w o rk  i s  s h o w n / in  p l a t e  9 - 3 -to T h e r e  7 1/ y j y  
w e re  tw o  s t r o n g  g r o u p s , 3866- 38OO a n d  3 7 3 1  - 3 7 0 0 $ ,  w i t h  w e a k e r  7 
b a n d s  b e tw e e n  t h e s e ,  tw o  g ro u p s  a n d  a t  l o n g e r  a n d  s h o r t e r  w a v e le n g t h s .
C o m p le x  b a n d s  i n  t h i s  w a v e le n g t h  r e g i o n  a r e  r e p o r t e d  
t o  b e  e m i t t e d  b y  a r c s  a n d  f la m e s  c o n t a i n i n g  m a g n e s iu m , a n d  i n  
o r d e r  t o  a s s ig n  t h e  b a n d s  fo u n d  i n  p y r o t e c h n i c  f la m e s  i t  i s  
n e c e s s a r y  t o  r e v i e w  b r i e f l y  t h e  c u r r e n t  s t a t e  o f  k n o w le d g e  
c o n c e r n in g  t h e  e m i t t e r  o f  s i m i l a r  h a n d s  i n  o t h e r ; . s o u r c e s .  
B r e w e r  a n d  P o r t e r  . ( 1 0 2 )  c o u ld  n o t  c o m p le t e ly  r e s o l v e  s u c h  -y:.y 
b a n d s  w i t h  a  d i s p e r s i o n  o f  0 * 6 7 $  mm .  H o w e v e r ,  P e s ic  
a n d  G a y d o n  ( 1 0 3 )  7 a n d  P e s ic  ( 1 0 4 )  h a v e  sh o w n  t h a t -  tw o  ’■?>1
m o l e c u l e s , MgOH a n d  a h  o x id e  o f  m a g n e s iu m , a r e :  r e s p o n s ib le  
f o r  t h e  b a n d s .  B u le w ic z  a n d  S u g d e n  ( 1 0 5 )  h a d  p r e v i o u s l y  
s u g g e s te d  t h a t  t h e  "M gO " b a n d s , e x c i t e d  i n  p r e - m ix e d  H ^ /O p /N ^  
f la m e s  w e r e ,  i n  f a c t ,  h y d r o x id e  b a n d s . '  > M o re  r e c e n t l y ,
B r e w e r , T r a j m a r  a n d  B e r g  ( 7 1 )  h a v e ' i d e n t i f i e d  a  2 ~  -  I I  
t r a n s i t i o n  o f  M gO ,. w i t h  s t r o n g  h e a d s  a t  3 7 6 6 * 1 $  ( 0 - 0 , R ) ,
3 7 7 2 - 4 $  ( 0 - 0 , Q b le n d e d  w i t h .  1 - 1 ,R )  a n d  3 7 7 7 * 4 $  ( 1 - 1 , Q ) .
' 7 ' 7-- ■7- "to. 1 7  ' to.to- ' '  - -. : ,
T h e  l o w e r  s t a t e  w as i d e n t i f i e d  a s  t h e  I I  . s t a t e  o f  t h e  r e d
MgO ,s y s te m .  L a t e r  T r a j m a r  a n d  E w in g  ( 1 0 6 ) 7  i d e n t i f i e d  a
^A -  1 n  t r a n s i t i o n  - i n  t h e  3820- 3798$  r e g i o n , 7 't h e  ^11 /
s t a t e  b e in g  t h e  sam e l e v e l  a s  t h a t  i n v o lv e d '  i n  t h e  r e d  . 7 •
■ s y s te m ,. A l l  o x id e  s p e c t r a l  f e a t u r e s  i n  3 8 3 0 -3 7 .6 6 $  r e g i o n  , -
a r e  a c c o u n te d  f o r  b y  t h e  tw o  new  s y s te m s . H o w e v e r ,  t h r e e
o f  t h e  f o u r  g ro u p s  c l a s s i f i e d  b y  P e s ic  a n d  G a y d o n  a s  b e lo n g in g
t o  some o x id e  o f  m a g n e s iu m  a r e , a s  y e t ,  u n i d e n t i f i e d .  -7
D e s p i t e  t h e  lo w  r e s o l u t i o n  a v a i l a b l e ,  a n d . t h e  
d i f f i c u l t y  o f  a c c u r a t e l y  m e a s u r in g  t h e  w a v e le n g t h s  o f  w e a k  .3  
b a n d  h e a d s ,  i t  i s  p o s s i b l e . t o  s a y  t h a t  b o t h  MgOH a n d  t h e .  
o x id e  o f  m a g n e s iu m  w e re  r e s p o n s ib le  f o r  t h e  e m is s io n  b a n d s  
f ro m  t h e  p y r o t e c h n i c  f la m e s  o f  t h e  p r e s e n t  w o r k .  F i r s t l y ,  
c o m p a r in g  t h e  m e a s u re d  w a v e le n g t h s  w i t h  t h e i r  p o s s i b l e  77 7 ,  .'!■ 
a s s ig n m e n ts  in -  P e s ic  a n d  G a y d o n ’.s  c l a s s i f i c a t i o n  ( l o c . c i t . )  
show s t h a t  t h e r e  i s  l i t t l e  d o u b t  a b o u t  t h e . p r e s e n c e  o f  MgOH! 
i n  p y r o t e c h n i c  f l a m e s . -  T h e  p r e s e n c e  o f  t h e  o x id e  e m i t t e r  c a n  
b e  i n f e r r e d  f ro m  t h e  .o c c u r r e n c e  o f  w e a k  b a n d s  ( b e t w e e n  t h e  tw o  
m a in  g r o u p s )  a t  m e a s u re d  w a v e le n g t h s  o f  3767*0 a n d  3779 * 2$ ;  ; •
t h e s e  c a n  o n l y  b e  a s s ig n e d  t o  t h e  o x id e  b a n d s  3766*1 a n d  3777 *
S e c o n d ly ,  r e d - d e g r a d e d  b a n d s  a t  m e a s u re d  w a v e le n g t h s  . - 7
o f  3805• 4 2  a n d  3 7 9 9 *  6 2  a r e  b e s t  a s s ig n e d  t o  t h e  o x id e !  r a t h e r  • J  
t h a n  h y d r o x i d e ,  c o n s i d e r i n g  w a v e le n g t h s  a n d /d e g r a d a t io n .
/ T h i r d l y ,  o f  t h e  t h r e e  s t r o n g  b a n d s  a t  t h e  lo n g  w a v e le n g t h  
e n d  o f - t h e  s e c o n d  s t r o n g  g r o u p ,  t h e  m e a s u re d  3 7 3 1 2  b a n d  i s  a.3 '3  ;, 
MgOH b a n d , : b u t  i t  s h o u ld  b e  s t r o n g e r  t h a n  t h e  m e a s u re d  3 7 2 5 * 5  ■
a n d  3 7 2 0 * 4 2  b a n d s  i f  t h e  h y d r o x id e  a lo n e  w as p r e s e n t .  I n  , 3 ' 7  
f a c t , "  i n  t h e  p y r o t e c h n i c  f la m e  s p e c t r a  t h e  3 7 2 0 2  b a n d  w as t h e  . 
s t r o n g e s t / - o f  t h e  t h r e e ,  w h ic h  i s  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  
o f  o x id e  a n d  h y d r o x i d e .  T h i s  w as f u r t h e r  c o n f i r m e d  b y  v i s u a l  3 3  
c o m p a r is o n  o f  t h e  p y r o t e c h n i c  f la m e  b a n d s  w i t h  P e s ic ,  a n d  33;' 1
G a y d o n 's  lo w  d i s p e r s i o n  o x y - h y d r o g e n  f la m e  s p e c t r u m :  i n  t h e  
l a t t e r  t h e  3 7 3 1 - 3 7 0 0 2  g ro u p  h a s  maxim um  i n t e n s i t y  i n  t h e  
c e n t r e ,  w h e re a s  i n  t h e  p y r o t e c h n i c  f la m e  s p e c t r u m  i t  w as m ost! . 3 3  
i n t e n s e  a t  t h e  lo n g  w a v e le n g t h  e n d . C o m p a r is o n  o f  m i c r o -  3  
d e n s i t o m e t e r  t r a c i n g s  o f  p y r o t e c h n i c  ' f l a m e  b a n d s  w i t h  t h e  - 3 7 v ’ ‘
p u b l is h e d  t r a c i n g s  o f  B r e w e r  a n d  P o r t e r  (MgOH a n d  o x i d e ) , ; / : 3
( l o c . c i t . ) a n d  B r z u s t o w s k i  a n d  G la s s m a n  ( 85), ( o x i d e  o n l y ) •/ ‘ 
a l s o  c o n f i r m e d  t h e  a s s ig n m e n t . : '•7  3 +  ..V 3 - :  . 3  - '
. T h e  e m is s io n  b a n d s  f ro m  M g /C a ( N 0 ^ ) 2 , M g /B a (N 0 ^)2 a n d  
M g /S r ( N 0^)2 f l a m e s  w e re  s i m i l a r  t o  e a c h  o t h e r  a n d  t o  t h e  3 ; ■ 1 3
b a n d s  o b s e r v e d  i n  M g /N aN O ^  f l a m e s .  T h i s  e l i m i n a t e d  t h e  
p o s s i b i l i t y  o f  i n t e r f e r i n g / b a n d s ;  f ro m  B aO , S r O ,  e t c .  1 , 3 ,  ■ /;■;,.
IW h e n  o b s e r v e d  i n  a b s o r p t i o n  i n  t h e  p y r o t e c h n i c  f la m e  
s p e c t r a ,  t h e  tw o  s t r o n g  g ro u p s  fo u n d  i n  e m is s io n  w e re  a l s o ;  /3 
s t r o n g e s t  i n  a b s o r p t i o n . / ;  I n  p a r t i c u l a r , ;  t h e  . t h r e e  b a n d s  7 • /■ 
3720• 4 ,  3725 *5 .anfl 373 l 2 ; w e re  t h e  f i r s t  t o  b e  o b s e r v e d  i n  
a b s o r p t i o n  i n  t h e  r a c k i n g - p l a t e  s p e c t r a .  I t  w as n o t  a lw a y s  
p o s s i b l e  t o  d i s t i n g u i s h / i n d i v i d u a l  b a n d s ’ i n  a b s o r p t i o n ,  
p a r t i c u l a r l y  i n  M g /C a (N 0 ^)2 s p e c t r a .  H o w e v e r ,/! i n  g e n e r a l , 
i t  c a n  b e  ■ s a i d  t h a t  a l l  t h e  b a n d s  m e a s u re d  i n  e m is s io n  ; ‘
o c c u r r e d  in .:  a b s o r p t i o n  so  t h a t  i t  a p p e a r s  t h a t  b o t h  MgOH ;:/■ s 
a n d  t h e  :o x id e  : w e re  a b s o r b in g .  T h i s  o b s e r v a t i o n  a g r e e s  w i t h  3  3  
t h e  r e s u l t s  o f  B a r r o w  a n d  C r a w f o r d *  s v ;o rk  o n  t h e s e  b a n d s  i n  
p y r o t e c h n i c  f la m e s  . ( 2 3 ) 7  In d e e d ,  f ro m  t h e i r  l i s t  o f  b a n d s ‘ \ l 3  3  1
o b s e r v e d  i n  a b s o r p t i o n ,  i t  c a n  b e  s e e n  t h a t  t h e  0 - 0 ,  t h e  1 -
1 1
a n d  t h e  2 - 2 ,  Q h e a d s  o f  t h e  MgO D A  -  A T f s y s te m , a n d  t h e
0 - 0 ,  R h e a d ,  a n d  p o s s i b l y ,  t h e  2 - 2 ,  Q h e a d  o f  t h e  MgO 0 ^ 2 , -  -  A ^ H
s y s te m  o c c u r  i n  a b s o r p t i o n  i n  t h e  p y r o t e c h n i c  s p e c t r a .  T h i s  is .  ’ 
o f  ’‘i n t e r e s t , s i n c e  i t  sh o w s . t h a t  t h e  a b s o r p t i o n  f e a t u r e s  w e re  7 : / .  
n o t  c o n f in e d  t o  g r o u n d - s t a t e ,  t r a n s i t i o n s ,  a  f a c t  f u r t h e r  e v id e n c e d  
b y  t h e  o b s e r v a t i o n  o f  t h e  Mg' 3838$  t r i p l e t  i n  a b s o r p t i o n .  3 :3.3 ,
■ 3 .. .• * *'73'
5 - 7 . 3 *  B a n d .S y s te m s  Common t o  a l l  F la m e s  7 \ 7 . 'v•Y
: 1 j s7  \ / T O " * •’ 7,- . ' 3. •
( a )  MgO 2 -  2 g r e e n  s y s te m  ! 3 4 . i  ; . ' ' 3 ' - : ,,3/
T h i s  s y s te m  w as fo u n d  i n  s t o i c h i o m e t r i c  f la m e s ,  f ro m , a l l  
t h r e e  c o m p o s i t io n s  a t  a l l  a m b ie n t  p r e s s u r e s .  I t  o c c u r r e d  m o s t  
s t r o n g l y  i n  t h e  M g /C aC N O ^ -)^  f l a m e ,  w h e r e ,  i n  a d d i t i o n  t o  0 - 0  
s e q u e n c e  o f  w h ic h  9  t o  11 h e a d s .w e r e  d i s c e r n i b l e ,  t h e  0 - 1  a n d  
t h e  0 - 0  s e q u e n c e s  w e re  a l s o  o b s e r v e d .  I n  t h e  M g /S rC N O ^ )^  f l a m e ,  
t h e  0 - 1  a n d  t h e  0 - 0  s e q u e n c e s  w e re  f o u n d .  T h e  s y s te m  w as l e a s t
e v i d e n t  i n  t h e  M g /B a (N 0 ^ )  ^  f l a m e , o n ly  4  o r .  5  h e a d s  o f  t h e  0 - 0  3-3.
s e q u e n c e  b e in g  o b s e r v e d .  I n  f la m e s  a t  760 t o r r  a m b ie n t  p r e s s u r e ,  
t h e  0 - 0  s e q u e n c e  w as o b s e r v e d  t o  a  d is t a n c e  o f  a t  l e a s t  15cm  3 3  3 
d o w n s tre a m  fro m  t h e  p e l l e t  i n  M g /C a C N O ^ )^  f la m e s  b u t  t o  a  v3 '
d is t a n c e  o f  o n l y  5cm i n  M g /B a C N O ^ )^  f l a m e s .  '. L.V-f/-.''. 3 - .3
i 1 3. > .
( b )  MgO 2  -  I I  r e d  s y s te m
T h i s  s y s te m  c o u ld  n o t  b e  d i s t i n g u i s h e d  i n  a n y  o f t h e ;
, * " * :................... ......... ' 2  , . * * . * • • • 2 ft *
s p e c t r a .  . ' .  7 / , ,  ’ ’
(  c )  M gH; A2 I I  -  ^  2  +  g r o u n d - s t a t e 7 ; : ’
T h e  0 - 0  s e q u e n c e s  a t  5 2 1 1 $  o c c u r r e d  i n  M g /C a C N O ^ )^  :. *7  
f la m e s  a n d ,  w it h ,  l e s s e r  i n t e n s i t y ,  i n  M g /S rC N O ^ )^  f la m e s  ( p l a t e  5-7 
I n  M g /B a (N 0^)2 f la m e s  i t . c o u l d  n o t  b e  i d e n t i f i e d ;  i f  i t  d id .  a p p e a r  
w e a k l y , t h e  s t r o n g  BaO s y s te m  w o u ld  m ask i t . (C a (N O ^ )^  is .  t h e  7 ‘. 
m o s t h y g r o s c o p ic  o f  t h e  t h r e e  n i t r a t e s ) .  3 : 7 3 / 3 7 : :.- .. 3 ]
7  ( d )  OH; A 2 2 +  -  X % I  a t  3 0 6 4 $  ' ' '  .;,7- 7  '
T h e  0 - 0  h e a d s ' w e re  m o s t e v i d e n t  i n  e m is s io n  fro m  M g /C ^ N O ^ ) ^
f la m e s  a t  r e d u c e d  a m b ie n t  p r e s s u r e .  A n  a b s o r p t i o n  a t  3 0 6 8 $ : i n  >  
a l l  f l a m e s  a t . h i g h e r  p r e s s u r e s  m ay h a v e  b e e n  t h e  R ^  h e a d ,  b u t  i t  
. c o u ld 'h a v e  b e e n  t h e  r e s o n a n c e  l i n e  o f  a  B i  i m p u r i t y .  l l z - p  • . , ; 3
-V.-. •. V',- ' 3 Y.7 \ 3 .3 3' / '" •• -G1; .3; . ;3  3 v v3  .-33 ■ 3
TO'3;:ci-: ■ '* 733 y 3 3 7 / ; / X 3 I Q v X 7733 .'fs3i'3;7:V;-.. -7 
7  ! ■ ? < 7 „  • * ' 7 l  ' ' 3 /  . 3 3 T O 3 3 3 j : : . X  7 j 7 - 4  c  y 7 / V j
7 3
5 - 7 . 4 . ,  B a n d s  o f  C a lc iu m  C om pounds i n  M g /C a (N O ^ ) 3 F la m e s  :
v 7  . 3  ( a )  : C aO H , "C aO ’1 b a n d s  V  7 . . ; f7 -
A l l  t h e  s p e c t r a  t a k e n  o f  M g /C a (N 0 ^)2 f l a m e s  sh o w e d  -v . /'V * - ; 
CaOH b a n d s  a n d  b a n d s  o f  a n  o x id e  o f  c a lc iu m ,  ( s e e  p l a t e  5 - 4  !•'
a n d  f i g .  5 - 5 )  •. 3 T h e  o x id e ,*  w h ic h  G a y d o n  ( 1 0 7 )  h a s  s u g g e s te d  / /  . ' /  
i s  C a ^ O ^ , g a v e  g r e e n  b a n d s  a t  5 4 7 8 ,  5 4 9 9  su kl 5 5 0 7 $ >  a n d  3  *.
o ra n g e  b a n d s  e x t e n d in g  f r o m  t h e  N a  y e l l o w  d o u b le t  t o  6300$• • • ;
a p p r o x i m a t e l y .  T h e  m e a s u re d  m a x im a  o f  t h e  o r a n g e  b a n d s  a g r e e  ,-, 3  
t o l e r a b l y  w e l l . w i t h  G a y d o n *s  ( l o c . c i t . )  m e a s u re m e n ts  ( i n  : 
b r a c k e t s )  o f  t h e  s t r o n g e s t  b a n d s :  5986 ( 5 9 8 3 ) ,  6006 ( 6 0 0 3 ,  6006) , . ,  
6065 ( 6065, 6069) ,  a n d  a p p r o x i m a t e l y  6 0 9 7 $  ( 6 0 9 7 ) -  7  3  3 7 ‘‘\ - ' / 3 . . > 3
A g r e e n  b a n d  a t  5538$  a n d  a  d i f f u s e  b a n d  6 4 0 0 - 6 5 0 0 $  3 3 / \ 7  
w e re  a s s ig n e d  t o  C aO H . T h e  o c c a s io n a l  o b s e r v a t i o n  o f  a  w e a k ,
. d i f f u s e  b a n d  n e a r  5 7 4 0 $  c o n f i r m e d  t h i s  a s s ig n m e n t .  3 3 -3 3 / '  ••
' ,  L in e s  o r  h e a d s  a t  5 9 3 5  ? 5 9 6 7  a n d  6 0 3 1 $  h a v e  n o t . b e e n
a s s ig n e d .  . 7 3  7 / v ; - 7  ' - 7 7  3 7  /  .
( b )  CaO s i n g l e t  s y s te m  - 7 . . -  . 3 ,'
. ; I n  t h e  lo w - p r e s s u r e  s p e c t r a ,  v i o l e t  d e g r a d e d  h e a d s  w e re
; o b s e r v e d  a t  4 0 8 4 ,  4 l  0 4  , 4 2 0 5  , 4 2 5 .1 , 4 3 8 5  , 4 4 0 4 $ ;  t h e s e  b e lo n g  ; 
t o  t h e  b l u e  B ^ I I  - 3  X  ^*2 s y s te m  o f  C a O . T h e y  w e re  n o t  3 -  7  3 ,  ; ,
o b s e r v e d  i n  t h e  s p e c t r a  o f  f la m e s  a t  t h e  h i g h e r  a m b ie n t  3  . ' 7  ‘ 
p r e s s u r e s .  - ' 3 7 . . .  7  „-3; ■ ' "  *”’ ■ ,-J 7 7 ; ./
I n  t h e  e x t r e m e  r e d ,  h e a d s ,  d e g ra d e d  t o  t h e  r e d , ,  w e re  3 7  3  
o b s e r v e d  a t  8652 a n d  8153$  a n d  t h e s e  a r e  t h e  0-0 a n d  1-0  h e a d s 1 ; 3 3  
o f  t h e  A  ^ 2  -  X  ^ 2  s y s te m ,  ( s e e  f i g .  5 - 5 )  • 3 7 . 3 7 f 3 3 7 / Z
5 - 7 . 5 . B a n d s  o f  S t r o n t iu m  C om pounds i n  M g / S r ( N 0 3 2 F la m e s  , .
( a )  S rO H , " S r O "  b a n d s  -3 ; 3 7 7 / 3 7 ;3  / 3 3 ; ... .
B a n d s  o f  t h e s e  m o le c u le s  o c c u r r e d  i n  a  s i m i l a r  w ay  t o  
t h e  c o r r e s p o n d in g  c a lc iu m  b a n d s :  t h e y  w e re  o b s e r v e d  a t  a l l  .3 ;V . 
a m b ie n t  p r e s s u r e s  o f  c o m b u s t io n  a n d  e x te n d e d  o v e r  t h e  e n t i r e  - ' ‘ 3; .
v i s i b l e  f l a m e . T h e  S rO II m o le c u le  g a v e  a  d i f f u s e  b a n d ,  c e n t r e d 3 ’/ - :  '• 
3 7 * '  . a t  6 0 5 0 $ ;  t h e  o x id e  -  b e l i e v e d  b y  C h a r t  o n  a n d  G a y d o n  ( 1 0 8 )  3 /  3  •
t o  b e  S r^ O ^  -  g a v e  d i f f u s e  b a n d s  a t  5 9 6 9  5 9 3 8 $ .  T h e  o x id e
w o u ld  a l s o  b e  e x p e c t e d  t o  e m it  a t  6 0 5 0  a n d  6670 t o  6 4 5 0 $ .  I n  
t h e  p r e s e n t  c a s e ,  h o w e v e r ,  t h e s e  c o u ld  n o t  b e  d i s t i n g u i s h e d  
f ro m  S rO H  a n d  S r C l  b a n d s  w h ic h  o c c u r r e d  i n  t h e  sam e r e g i o n s  
. (s e e  p l a t e  5 - 4  a n d  f i g .  5 - 6 ) .
( b )  S r C l
2 ' 2
F i v e  h e a d s  o f  s e q u e n c e s  o f  t h e  A 2  -  2  s y s te m
w e re  fo u n d  i n  som e s p e c t r a .  T h e y  p r o b a b ly  o c c u r r e d  d u r in g  t h e  
i g n i t i o n  s t a g e .
S rO  s i n g l e t  s y s te m s  
1 1
T h e  B I I  -  X  2  b lu e  s y s te m  o f  S rO  b eca m e  e v i d e n t  
i n  t h e  s p e c t r a  f r o m  f la m e s  a t  lo w  a m b ie n t  p r e s s u r e s  ( p l a t e  5- 2 )  .
3 /j
I t  i s  t h o u g h t  t h a t  t h e  u l t r a v i o l e t  C 2  -  X  2  s y s te m  o f  t h i s  
m o le c u le  w as a l s o  e m i t t e d  w e a k ly .
5 - 7 * 6 .  B a n d s  f ro m  B a r iu m  C om pounds i n  M g /B aX N O -Q ^  F la m e s
( a )  BaO s i n g l e t  s y s te m s
W h e re a s  M g /C a ^ O ^ ) ^  f la m e s  a t  t h e  h i g h e r  a m b ie n t  p r e s s u r e s
w e re  c h a r a c t e r i s e d  b y  h y d r o x id e  a n d  c o m p le x  o x id e  b a n d s ,  f la m e s
fr o m  M g /B a (N 0 _ ,)  p c o m p o s i t io n s  w e re  d i s t i n g u i s h e d  b y  t h e  u n i v e r s a l  
1 1
o c c u r r e n c e  o f  t h e  2  -  2  s y s t e m .w h ic h  e x t e n d s  o v e r  m o s t o f
t h e  v i s i b l e  r e g i o n  ( s e e  p l a t e  5 - 6 )  . T h e - m e a s u r e d ,w a v e le n g t h s ■ 
o f  a l l  t h e  r e d - d e g r a d e d  h e a d s  a g r e e d  w i t h  M a h a n t i ’ s  m e a s u re m e n ts  
o f  t h i s  s y s te m  ( 109) .
A t  r e d u c e d  p r e s s u r e s  a n o t h e r  s e r i e s  o f  r e d - d e g r a d e d  b a n d s  
w as  o b s e r v e d  i n  t h e  u l t r a v i o l e t  r e g i o n  w i t h  h e a d s  a t  3 5 4 8 *5 ?  
3 5 4 4 * 5 ?  3 4 6 9 *3 ?  a p p r o x i m a t e l y  3 3 9 3 * 4  a n d  p o s s i b l y  3 4 2 0 * 1  a n d  
3 2 7 3 $ .  ‘ T h e s e  a r e  b e l i e v e d  t o  b e lo n g  t o  a n o t h e r  BaO s i n g l e t  . 
s y s te m  ( 109) .
( b )  B aO H , " B a O " , B a C l
T h e  g r e e n  b a n d s  k n o w n  t o  b e  d ue t o  BaOH w e re  n o t  d e t e c t e d ,  
i n  t h e  f la m e  s p e c t r a ,  a l t h o u g h  l i g h t  f ro m  M g /B a ( N 0 ^ ) ^  f la m e s  
a p p e a r e d  f a i n t l y  g r e e n  t o  t h e  e y e .
-  9 9  -
B a C l b a n d s  a t  5 3 2 0 * 8 ,  5 2 4 0 * 5 ,  5 1 3 9 * 2  a n d  5 1 3 6 $  w e re  , 
s o m e tim e s  p r e s e n t  i n  t h e  s p e c t r a .  T h e i r  o c c a s io n a l  o c c u r r e n c e .  • 
/ . s u g g e s t e d  t h a t  t h e y  cam e f ro m  t h e  i g n i t i o n  s t a g e  i f  t h e  s p e c t r u m  y
w as r e c o r d e d  t o o  s o o n  a f t e r  i g n i t i o n .  . • ; b . y . y / /  "'’ -to. , ;b  • - ,
.. ; . /  A h a z y  d o u b le t  a t  5 4 5 5 $ ?  o f  u n i v e r s a l  o c c u r r e n c e  i n  t h e  
M g /B a (N 0^)2 f la m e  s p e c t r a ,  m ay b e  d ue t o  t h e  c o m p le x  o x id e  
B a^O ^ o f  C h a r t  o n  a n d  G a y d o n . N o n e  o f  t h e  o t h e r  b a n d  g ro u p s  
o f : t h i s  m o le c u le  w e re  e v i d e n t ,  h o w e v e r ,  / y .  :. ' / y ' /  I.
■ ■ 5 - 7 * 7 *  A to m ic  L in e s  Common t o  a l l ! F l a m e s  y  4  y '  /  y".7 ~ y
( a )  Mg r e s o n a n c e  l i n e  2 8 5 2 $  ( 3 1S Q -  3 1P ^ )  ‘ -
A t  h i g h e r  a m b ie n t  p r e s s u r e s ,  t h i s  l i n e  o c c u r r e d  i n  . / ;  
a b s o r p t i o n ,  w i t h  a  w id t h  o f  3  t o  4 $ ,  i n  t h e  s p e c t r u m  f ro m  t h e  / •  
f i r s t  3 t o  5 cm o f  t h e  f la m e  a b o v e  t h e  s u r f a c e  o f  t h e  p e l l e t  
( p l a t e s  5 - 1  a n d  5 - 2 ) .  T h e  a b s o r p t i o n  l i n e  n a r r o w e d  w i t h  
d is t a n c e  d o w n s tre a m  fro m  t h e  p e l l e t .  A t  lo w e r  a m b ie n t  p r e s s u r e s ,  
t h e  l i n e  o c c u r r e d  a s  a n  e m is s io n  l i n e ,  w i t h  r e v e r s e d  c e n t r e ,  . in  
t h e  s p e c t r u m  fr o m  t h e  lo w e r  p a r t  o f  t h e  f la m e  ( i . e .  n e a r e s t  t h e  - 
y -  b u r n in g  s u r f a c e ) . T h e  p r e s s u r e  a t  w h ic h  t h e  c h a n g e  f ro m  e m is s io n
■ f  t o  a b s o r p t i o n  o c c u r r e d ,  s e em ed  t o  d e p e n d  o n  t h e  c o m p o s i t io n  ‘*y
( t a b l e s  5 - 1  t o  5 - 6 ) .  y  - y - y b  *' ; ' - ■ % / /  y .  . \ - / /  ' ( . ' "
( b )  O t h e r  M g ( l )  l i n e s  / y b  y  /  7 / .  1 r - i  ' /  ' ' .
T h e  5 1 8 4 $  t r i p l e t  ( 3 5 P  -  4 3S ) a n d  t h e  4 5 7 1 $  " f o r b id d e n "
r\ -z ' ; . /to,;.-../.,•■.’/ / : / ; : /
s i n g l e t  (3  -  3 P ^ )  w e re  i n v a r i a b l y  p r e s e n t  i n  t h e  -s p e c tru m
' f ro m  t h e  lo w e r  p a r t  o f  t h e  f l a m e .  /•  . : . ' y  ^
T h e  3838$  t r i p l e t  (3 ^ P  -  3 ^ D ) o c c u r r e d  i n  a b s o r p t i o n  vTO\- 
( h i g h e r  a m b ie n t  p r e s s u r e s ) ,  o r  i n  e m is s io n  ( l o w e r  a m b ie n t  • / - ' y  
p r e s s u r e s )  i n  t h e  s p e c t r u m  o f  t h e  f i r s t  3 t o  5cm o f  t h e  f la m e  
( p l a t e s  5-1  "to 5 - 3 ) .  T h e  o t h e r  u l t r a v i o l e t  t r i p l e t s  a t  -. 7 V y  
3 3 3 7 $  ( 3 3 P -  55S )  a n d  3 0 9 7 $  ( 3 %  -  4 5D ) b eca m e  e v id e n t "  i p  .• ' /  -y  /  • 
e m is s io n  a g a i n s t  t h e  c o n t in u u m  fro m  t h e  lo w e r  p a r t , , o f  m o s t  
f la m e s  a t  r e d u c e d  p r e s s u r e .  - * - / , /  7' b y  ' / 7 / b ; - . ; - y /
T h e  a n o m a lo u s  t r i p l e t  a t  2 7 8 0 $  (3"^P -  3 ^ ? ’ ) w as h o t  /  / ? / / .  
o b s e r v e d  i n  a n y  o f  . t h e  M g /M (N O ^ )^  f la m e  s p e c t r a .  . y / y i / /
-  1 0 0  -
( c )  M g ( I I )  l i n e s  3 v \3 r *  3 . 3  3 3 3 3 3
N o l i n e s  f r o m  s i n g l y  i o n i s e d  Mg w e re  e v i d e n t  i n  a n y  o f  
t h e  s p e c t r a .  *3  3  ’ ' • ' ' - ' . I  — ;1; '
-Cd) L i n e s ,  f r o m  i m p u r i t y  a to m s  3 , 3 . 3 3  3 ;' ; 3 3
I n  g e n e r a l ,  t h e  f la m e  s p e c tru m  f ro m  a  p e l l e t  c o n t a i n i n g  
a n y  o n e  o f  t h e  t h r e e  a l k a l i n e - e a r t h  n i t r a t e s  sh o w e d  t h e  r e s o n a n c e  
l i n e  o f  t h e  o t h e r  tw o  a l k a l i n e - e a r t h  m e t a l s .  I n  a d d i t i o n ,  t h e  
N a  D - l i n e s  w e re  p r e s e n t  i n  a l l  s p e c t r a  a n d  t h e  3 3 0 3 $ .d o u b l e t
(3  S -  4  P )  w as f r e q u e n t l y  fo u n d ,  e i t h e r  i n  e m is s io n  o r  i n
a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m .
L in e s  o f  Mn a t  4 0 3 0 A  w e re  ;a ls o  o f  f r e q u e n t  o c c u r r e n c e ,  
e i t h e r  i n  e m is s io n  o r  a b s o r p t i o n .  . /  3 / 3 / ' - 3 7 / 3 7  • *
5 - 7 . 8 .  L in e s  o f  C a  i n  M g /C a (N 0 ^) 2 F la m e s
T h e  r e s o n a n c e  l i n e  ( 4 ^ S q -  4 ^ P ^ ) a t  4 2 2 7 $ . o c c u r r e d
s t r o n g l y  i n . - a l l  s p e c t r a .  A t  h i g h e r  a m b ie n t  p r e s s u r e s ,  i t s  1  
c e n t r e  w as  r e v e r s e d  i n  s p e c t r a  f ro m  t h e  lo w e r  p a r t  o f  t h e  f la m e  
( t o  2cm a p p r o x im a t e ly :  a b o v e  t h e  p e l l e t ) ,  f o r  a m b ie n t  a i r ,  a n d  .3 
t o  a  g r e a t e r  d is t a n c e  i n  a m b ie n t  a r g o n .  '. '> • .3 :'v 3 ;'<3 '; 3 . ' 3 '  •’
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FIG. 5 - 3 .  PRE SSU R E  D E P E N D E N C E  O F  
BURN IN G TI ME O F  STOI CHI OM ET RIC 
M g / S r  ( N 0 3)2 P E L L E T S
( C o r r e c t e d  fo r  ignit ion d e la y )
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F ig  5 - 6  K IC R O D E N S ITO K E TER  TRAC IN G  o f  RED SPECTRUM
fro m  M g /S r ( N 0 5 )2 FLAMES
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PLATE 5 - 3  MgO/MgOH ULTRAVIO LET BANDS i n  M g /M (N 0 3) 2 FLAME SPECTRA
( a )  I n  a b s o r p t io n  a g a in s t  F la m e  C o n tin u u m
( b )  I n  E m is s io n
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6 .  M g /M (N O ^ ) p  FLAM ES: D IS C U S S IO N  OF RESULTS
6 - 1 .  I n t r o d u c t i o n
T h e  d is c u s s io n  i n  t h i s  c h a p t e r  c e n t r e s  a r o u n d  t h e
e x p e r i m e n t a l  o b s e r v a t i o n s  i n  s e c t i o n  5 - 2 .  I t  w as r e p o r t e d
t h e r e  t h a t ,  i n  t h e  s p e c t r u m  e m i t t e d  b y  t h e  f i r s t  3 t o  5cm o f
t h e  f la m e  a b o v e  M g /M (N 0^)2 . . p e l l e t s  b u r n in g  a t  760 t o r r ,
a l t h o u g h  t h e  c o n t in u u m  i n t e n s i t y  d e c r e a s e s  w i t h  d e c r e a s in g
w a v e le n g t h ,  t h e  r a t i o  o f  c o n t in u u m  i n t e n s i t y  t o  l i n e  i n t e n s i t y
i n c r e a s e s  a t  s h o r t e r  w a v e le n g t h s ,  so  t h a t  l i n e s  a n d  b a n d s  o f -
w a v e le n g t h  s h o r t e r  t h a n  4 0 0 0 $  a r e  p r e s e n t  o n l y  i n  a b s o r p t i o n
a g a i n s t  t h e  c o n t in u u m . T h e  w a v e le n g t h  a t  w h ic h  t h e  t r a n s i t i o n
f ro m  l i n e  e m is s io n  t o  l i n e  a b s o r p t i o n  o c c u r s  s h i f t s  f r o m . 4 0 0 0 $
. . - 1
t o  s h o r t e r  w a v e le n g t h s  w h e n  t h e  b u r n in g  t i m e ,  s  m  , i n c r e a s e s  
. ( t h a t  i s ,  a t  l o w e r  a m b ie n t  p r e s s u r e s ) .
A s im p le  th e rm o d y n a m ic  c a l c u l a t i o n ,  ( s e c t i o n  6 - 2 )  show s  
t h a t  a t  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e ,  a  l a r g e  f r a c t i o n  o f  
t h e  r e a c t i o n  p r o d u c t ,  MgO, i s  i n  t h e  c o n d e n s e d  s t a t e .  I t  i s  
r e a s o n a b le  t o  s u p p o s e , t h e r e f o r e ,  t h a t  i n  a  r e a l  f la m e  o x i d e ,  
p a r t i c l e s  a r e  r e s p o n s i b l e ,  a t .  l e a s t  i n  p a r t ,  f o r  t h e  s p e c t r a l  
c o n t in u u m . I n  f a c t ,  t h e  e x i s t e n c e  o f  a  t r a n s i t i o n  w a v e le n g t h  
i s  m o s t e a s i l y  e x p l a in e d  i n  t e r m s  o f  t h e  w a v e le n g t h  d e p e n d e n c e  
. o f  t h e  e m i s s i v i t y  o f  s m a l l  o x id e  p a r t i c l e s  . . ( s e c t io n  6 - 4 ) .
I f ,  h o w e v e r ,  t h e  r e a c t i o n - z o n e , o f  t h e  f la m e  c o r r e s p o n d s  
w i t h  t h e  r e g i o n  o f  t h e  f la m e  i n  w h ic h  t h e  a b s o r p t i o n ' f e a t u r e s  
a r e  o b s e r v e d ,  t h e n  t h e  r e l a t i v e  i n c r e a s e  i n  c o n t in u u m  i n t e n s i t y  
a t  s h o r t  w a v e le n g t h s  m ig h t  b e  d u e  t o  some c h e m ic a l  p r o c e s s  
( s u c h  a s  a s s o c i a t i o n  o r  d e i o n i s a t i o n )  w h ic h ,  u n d e r  e q u i l i b r i u m  
c o n d i t i o n s ,  w o u ld  n o t  p r o d u c e  a  c o n t in u u m  o f  i n t e n s i t y  c o m p a r a b le  
t o  t h e r m a l  e m is s io n  f ro m  s o l i d  o r  l i q u i d  p a r t i c l e s .  C o n s e q u e n t ly ,-  
i t  i s  n e c e s s a r y  t o  t r y  t o  i d e n t i f y  t h e  f la m e  r e a c t i o n - z o n e  a n d  
t o  a s s e s s  t h e  r e l a t i v e  im p o r t a n c e  o f  c o n t in u u m  r a d i a t i o n  d u e  t o  
some c h e m ic a l  r a t e  p r o c e s s  ( s e c t i o n  6- 3 ) .
-  126 -
6 - 2 .  A d i a b a t i c  a n d  A c t u a l  F la m e  T e m p e r a t u r e s
R e le v a n t  th e rm o d y n a m ic  d a t a  i s  s u m m a r is e d  i n  t a b l e s
6 - 1  a n d  6 - 2 .  S in c e  t h e  h e a t  o f  v a p o r i s a t i o n  o f  MO (M  =  M g ,. C a ,  S r ,  B a )
—1
i s  a p p r o x i m a t e l y  100 k c a l  m o le  ( 102 , 1 1 1 , . 1 1 4 )  i t  c a n  b e  
s e e n  f r o m  t a b l e  6 - 1 ( b )  t h a t  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e  
■: o f  t h e  s t o i c h i o m e t r i c  M g /M ( N 0 ^ ) 2  s y s te m  i s  t h e  b o i l i n g  p o i n t  
o f  MgO a n d  i s ,  t h e r e f o r e ,  i n  t h e  r a n g e  3 1 0 0 - 3 9 0 0 ° K  ( t a b l e - 6 - 2 ) .
T h e  a d i a b a t i c  f la m e  t e m p e r a t u r e  i s  n o t  c h a n g e d  b y  t h e  p r e s e n c e  
o f  m o is t u r e  i n  t h e  n i t r a t e .  A t  l e a s t  t w o - f i f t h s  o f  t h e  t o t a l  
MgO p r o d u c t  i s  p r e s e n t  a s  c o n d e n s e d  ( l i q u i d )  m a t t e r  i n  t h e  
e q u i l i b r i u m  f l a m e .
T h e  a d i a b a t i c  f la m e  t e m p e r a t u r e  i s  t h e  sam e f o r  t h e
t h r e e  s t o i c h i o m e t r i c  f la m e s  b u t  t h e  f r a c t i o n  o f  MgO v a p o r is e d
a t  t h e  a d i a b a t i c . f la m e  t e m p e r a t u r e  d e p e n d s  o n  t h e  b o i l i n g  p o i n t
o f  MO. A l t h o u g h  t h e  b o i l i n g  p o i n t s  o f  a l k a l i n e - e a r t h  o x id e s
a r e  n o t  w e l l  e s t a b l i s h e d ,  t h e  d a t a  i n  t a b l e  6 - 2  sh o w s t h a t
MgO i s  e x p e c t e d  t o  b e  m o re  v o l a t i l e  t h a n  CaO i n  t h e  M g /C a ( N 0 ^ ) 2
f la m e  a n d  l e s s  v o l a t i l e  t h a n  BaO i n  t h e  M g /B a (N 0 _ ,)p f l a m e , '  a n d
1 1
t h i s  i s  c o n f i r m e d  b y  t h e  e x t e n t  o f  t h e  MgO 2  -  2  ( g r e e n )
b a n d s  i n  t h e s e  tw o  f la m e s  ( s e c t i o n  5 - 7 - 3 ( a ) ) *
T h e  a c t u a l  (m a x im u m ) t e m p e r a t u r e  i n  t h e  r e a c t i o n - z o n e  
o f  t h e  f la m e  i s  d e t e r m in e d  b y  t h e  r a t e  o f  e n e r g y  l o s s ,  f r o m : *  ■ 
r e a c t i o n - z o n e  t o  s u r r o u n d in g s ,  r e l a t i v e  t o  t h e  r a t e '  o f  e n e r g y  
p r o d u c t i o n  w i t h i n  t h e  r e a c t i o n - z o n e .  . I t  i s  l i k e l y  t h a t  lo s s  
. b y  r a d i a t i o n ,  r a t h e r  t h a n  c o n d u c t io n  o r  c o n v e c t io n  t o  t h e
s u r r o u n d in g s ,  c o n s t i t u t e s  t h e  m a jo r  lo s s  f ro m  t h e  r e a c t i o n - z o n e  
o f  M g /M (N 0 ^ )2  f la m e s  b e c a u s e  o f  t h e  h ig h  t e m p e r a t u r e  i n v o l v e d  
a n d  t h e  p r e s e n c e  o f  c o n d e n s e d  o x id e  e m i t t e r s  i n  t h e  f l a m e .  I t  
i s  n o t e d ,  h o w e v e r ,  t h a t  some c o o l i n g  b y  e n t r a in m e n t  o f  a m b ie n t  
g a s e s  i n t o  t h e  f la m e  m u s t a l s o  o c c u r  s in c e  t h e  o b s e r v a t i o n s  o n  
t h e  r e v e r s a l  o f  t h e  r e s o n a n c e  l i n e s  o f  C a , S r  a n d  B a  ( s e c t i o n  5 - 4 )  
s u g g e s t  t h a t  d x y g e n  i n  t h e  a m b ie n t  a tm o s p h e re  s h i f t s  t h e  e q u i l i b r i u m
m ( g )  +  0*5 o 2  ( g )  ^  mo ( g )  ‘
(M  = M g , C a , S r ,  B a )  
t o w a r d s  t h e  r i g h t .  T h u s  i n  t h e  f r i n g e s  o f  t h e  f l a m e ,  MO ( g )  i s
-  1 2 7  -
n o t  a p p r e c i a b l y  d i s s o c i a t e d  a t  5 cm d o w n s tr e a m .f r o m  t h e  s u r f a c e  
o f  a  p e l l e t  b u r n in g  i n  a m b ie n t  a i r ,  b u t  MO ( g )  i s  d i s s o c i a t e d  
(a n d  t h e  M r e s o n a n c e  l i n e  i s  r e v e r s e d )  a t  5cm  f o r  c o m b u s t io n  
i n  a m b ie n t  a r g o n .
I n  a n  a c t u a l  f l a m e ,  t h e  r e a c t i o n - z o n e  m ay b e  a t  a  
t e m p e r a t u r e :lo w e r  t h a n  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e  a n d  
t h e  c o n d e n s a t io n  r a t e  m ay b e  i m p o r t a n t  i n  d e t e r m in in g ,  t h e  
f r a c t i o n  o f  o x id e  i n  t h e  c o n d e n s e d  s t a t e  a t  a n y  p o i n t . .  T h e  
r a t e  o f  n u c le a t io n .s e e m s -  t o  b e  t h e  r a t e - d e t e r m i n i n g  s t e p  f o r  ■ . 
c o n d e n s a t io n  i f  h o m o g e n e o u s  n u c l e a t i o n  o n ly  o c c u r s ,  s in c e  
h o m o g en eo u s  n u c l e a t i o n  r e l i e s ,  o n  n u c le u s  f o r m a t io n  b y  s t a t i s t i c a l  
f l u c t u a t i o n s  i n  t h e  g a s  ( 1 1 5 ) •  H o w e v e r ,  h e t e r o g e n e o u s  n u c l e a t i o n  
p r o b a b l y  p r e d o m in a t e s  i n  p y r o t e c h n i c ,  f l a m e s ,  i f  o n l y  b e c a u s e  
c o m b u s t io n  o f  t h e  c a r d b o a r d  c a s e  w o u ld  b e  e x p e c t e d  t o  p r o v i d e  
c o n d e n s a t io n  c e n t r e s ;  ' 1  '
M o d e ls  o f  t h e  P y r o t e c h n ic  F la m e
6 - 3 - 1 •  N a r r o w  R e a c t io n - Z o n e
Two e x t r e m e  a n d  i d e a l i s e d  m o d e ls  o f  a  p y r o t e c h n i c  f la m e  
a r e  show n i n  f i g .  6 - 1 .  T h e  n a r r o w  r e a c t i o n - z o n e  m o d e l ( f i g .  6 - 1 ( a ) )  
as su m e s  t h a t  c o n d u c t iv e  a n d  r a d i a t i v e  h e a t  f e e d b a c k  f r o m  f la m e  
t o  . p e l l e t  i s - s u f f i c i e n t  t o  e v a p o r a t e  t h e  m e t a l  f r o m  t h e  s u r f a c e  
o f  t h e  p e l l e t  a n d  t h a t , b e f o r e  e n t e r i n g  t h e  r e a c t i o n - z o n e ,  t h e  
m e t a l  v a p o u r  m ix e s  w i t h  t h e  g a s e o u s  d e c o m p o s i t io n  p r o d u c t s  o f:  
t h e  n i t r a t e  (o x y g e n  a n d  o x id e s  o f  n i t r o g e n ) . T h e  f l a m e , i n  
t h i s  c a s e , w o u ld  b e  s i m i l a r  t o  a  p r e m ix e d  g a s  f la m e  a n d  w o u ld  
h a v e  a  r e a c t i o n - z o n e  l e n g t h  o f  t h e  o r d e r  o f  a  fe w  t e n t h s  o f  a  
m i l l i m e t r e  a t  760 t o r r  a m b ie n t  p r e s s u r e .
T h e  d is t a n c e  o f  t h e  r e a c t i o n - z o n e  f ro m  t h e  s u r f a c e  o f
t h e  p e l l e t  ( t h a t  i s ,  t h e  e x t e n t  o f  t h e  p r e - h e a t  z o n e , ,  d  , i n
• ■ P
f i g .  6- 1 ( a ) )  m ay b e  e s t im a t e d  b y  a s s u m in g  a  m ean  t e m p e r a t u r e ,
T ^ ,  o f. 3 3 0 0 ° K  f o r  t h e  r e a c t i o n - z o n e ,  a n d  a  s u r f a c e  t e m p e r a t u r e ,
T  , o f ,  9 0 0 ° K ,  t h e  l a t t e r  b e in g  t h e  t e m p e r a t u r e  a t  w h ic h  G o rd o n
s  ' ■ "
a n d  C a m p b e ll  ( 2 7 )  o b s e r v e d  r a p i d  d e c o m p o s i t io n  o f  a l k a l i n e - e a r t h
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n i t r a t e s .  T h e  h e a t  f e e d b a c k  f r o m  f la m e  t o  p e l l e t  i s  t h e n
2 * 25 * 10” ^.1  *26 2500-900 J
p r
p A A - 1
+ 0 - 1 . 1 - 26 . 1 - 35.10  (3300 - 90 0 0 - c a l  s
T h e  f i r s t  t e r m  i s  t h e  c o n d u c t iv e  f e e d b a c k .  T h e  a v e r a g e
/ - 4  -1  -1  o - 1 N
c o n d u c t i v i t y  o f  t h e  p r e h e a t  z o n e  ( 2 * 2 5 * 1 0  c a l  s  cm K )
i s  t a k e n  t o  b e  c o n d u c t i v i t y  o f  a t  2 1 0 0 ° K  a n d  w as c a l c u l a t e d
fro m  t h e  s im p le  g a s  k i n e t i c  t h e o r y  e x p r e s s io n  a n d  t h e  e x p e r i m e n t a l
v a l u e  f o r  1 2 0 0 ° K  ( 63) .  T h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  r e a c t i o n - z o n e
i s  as su m e d  t o  b e  t h e  sam e a s  t h a t ;o f  t h e  p e l l e t :  1 - 26cm f o r  a
0 * 5 i n  d ia m e t e r  p e l l e t .  T h e  s e c o n d  te r m  i s  t h e  r a d i a t i v e  f e e d b a c k
a n d  f o r  t h i s  t h e  e m i s s i v i t y  o f  t h e  f la m e  i s  a s su m e d  t o  b e  a
m in im u m  v a l u e  o f  0 * 1 .
I f  i t  i s  as su m e d  t h a t  n o  e x o t h e r m ic  r e a c t i o n s  o c c u r  i n
t h e  p e l l e t ,  a n d  t h a t  h e a t  f e e d b a c k  m u st s u p p ly  t h e  h e a t  r e q u i r e d .  .
t o  d e g r a d e  t h e  n i t r a t e  t o  M 0 , ^  a n d  0 ^ ,  t o  h e a t  t h e . d e g r a d a t i o n
p r o d u c t s  a n d  m a g n e s iu m  t o  9 0 0 ° K  a n d  t o  e v a p o r a t e  t h e  m a g n e s iu m
a n d  MO, t h e n  a  m in im u m  v a l u e  f o r  d  . c a n  b e  c a l c u l a t e d .  F o r
p r
t h e  M g /S r ( N 0 - , ) p . s t o i c h i o m e t r i c  c o m p o s i t io n ,  w h ic h  h a s  a  , 7
b u r n in g  r a t e  o f  1 t o  2g  s a t  760 t o r r ,  t h e  h e a t  r e q u i r e d ,  b y
—1 - 1
t h e  p e l l e t  i s  1600 c a l  s  so  t h a t ,  d i s  a p p r o x i m a t e l y  4 * 2  /x .
• P1* ’ Q
o r  t e n  m ean f r e e  p a t h s  f o r  a  m o l e c u l e . a t  760 t o r r , . 2100 K . ;
T h e  r e a c t i o n - z o n e  i n  p r e m ix e d  h y d r o c a r b o n  f la m e s  i s  
c h a r a c t e r i s e d  ( 38 , 116 ) b y . e m is s io n  b a n d s  f ro m  r a d i c a l s  s u c h : , . 
a s  a n d  CH ( c f .  a l s o  t h e  e m is s io n  fro m  t h e  r e a c t i o n - z o n e  o f - '  . 
M g /P T F E  f la m e s  d e s c r ib e d  i n  s e c t i o n  7 - 2 . 1 ) .  A n a lo g o u s  s p e c ie s  
a r e  d i f f i c u l t  t o  f o r m u l a t e  f o r  t h e  M g /M (N 0^)2 s y s te m s  a n d ,  
in d e e d ,-  o t h e r  s p e c t r o s c o p ic  s t u d i e s  ( 5 7 ) 7 4 , 8 5 , 8 7 )  o f  t h e  
c o m b u s t io n  o f  m a g n e s iu m  i n  0^  a n d  i n  GO2 h a v e  n o t  r e v e a l e d  t h e  
p r e s e n c e  o f  a n y  u n s t a b le  i n t e r m e d i a r i e s .  T h i s  m ay b e  d u e  ( 2 1 )
‘ t o  t h e  f a c t  t h a t  t h e  r e a c t i o n  b e tw e e n  Mg a n d  0^  t a k e s  p la c e  
p r e d o m in a n t ly  o n  t h e  s u r f a c e  o f  o x id e  p a r t i c l e s  ( i n  w h ic h  c a s e  
t h e . n a r r o w  r e a c t i o n - z o n e  m o d e l m ay n o t  b e  a p p l i c a b l e ) .  .F o r  
l o w - p r e s s u r e  d i f f u s i o n  f la m e s  o f  g a s e o u s  m a g n e s iu m  a n d  O2 ;to 
( s e c t i o n  3 - 1 )  i t  i s  r e p o r t e d  t h a t  some Mg l i n e s  a r e  e n h a n c e d  
i n  i n t e n s i t y  ( c h e m i lu m in e s c e n t )  o r ,  i n  t h e  c a s e  o f  h e t e r o g e n e o u s
-  1 2 9  -
r e a c t i o n ,  b r o a d - b a n d  e m is s io n  o c c u r s .  S u c h  f e a t u r e s  c o u ld  
o n l y  b e  i d e n t i f i e d  p o s i t i v e l y  i n  M g /M C N O ^)^  f la m e s  b y  
q u a n t i t a t i v e  s p e c t r o s c o p y .  -
I f  t h e  n a r r o w  z o n e ' m o d e l a p p l i e s ,  t h e  f la m e  p r o p e r  
i s  a  " b u r n t  g a s  r e g i o n " ,  t h e  t e m p e r a t u r e  o f  w h ic h  f a l l s  w i t h  
d is t a n c e  d o w n s tre a m  a s  t h e  c o n d e n s e d  o x id e  p a r t i c l e s  c o o l  b y  
r a d i a t i o n .  H o w e v e r  , t h e  f a l l  i n  t e m p e r a t u r e , w i t h  d is t a n c e  7 3 :  • 
f r o m  t h e  s u r f a c e  o f  t h e  p e l l e t  i s  n o t  a s  g r e a t  a s  t h a t  
p r e d i c t e d  b y  C a l d i n ' s  e q u a t i o n  f o r  t h e  c o o l i n g  o f  a  
P l a n c k ia n  r a d i a t o r  ( 1 1 7 )  b e c a u s e  p a r t  o f  t h e  r a d i a t i o n  
l o s s  c a n  b e  c o m p e n s a te d  b y  c o n d e n s a t io n  o f  v a p o u r - p h a s e  o x i d e .
I f  t h e  r e a c t i o n - z o n e  i s  a t  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e ,  
a b o u t  t w o - f i f t h s  o f  t h e  o x id e  i s  i n  t h e  v a p o u r - p h a s e .  S in c e  
t h e  h e a t  o f  v a p o r i s a t i o n  i s  1 0 0  k c a l  m o le  a p p r o x i m a t e l y ,  
a  q u a r t e r  o f  t h e  t o t a l  h e a t  o f  r e a c t i o n  i s  r e l e a s e d  w h e n  
t h i s  v a p o r i s e d  o x id e  c o n d e n s e s .
T h i s  s u g g e s ts  t h a t  c o n d e h s a t io n  m ig h t  c o m p le t e ly  3 3 .
c o m p e n s a te  t h e  r a d i a t i o n  l o s s ,  t h u s  m a i n t a i n i n g  t h e  t e m p e r a t u r e  
a t  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e  f o r  s e v e r a l  c e n t i m e t r e s  i n t o  
t h e  " b u r n t  g a s  r e g i o n " .  A s s u m in g . t h a t  v a p o u r - p h a s e  MgO • ■
c o n d e n s e s  o n  e x i s t i n g  o x id e  p a r t i c l e s ,  t h e . C o l l i s i o n  
e f f i c i e n c y  r e q u i r e d  t o  c o m p e n s a te  c o m p le t e ly  t h e  r a d i a t i o n  .
l o s s  c a n  b e  e s t i m a t e d .  C o n s id e r in g  a  s i n g l e  o x id e  p a r t i c l e  ■; y  
o f  r a d i u s  r ,  t h e  r e q u i r e m e n t '  i s :
2  If. 2
47r r ( r T  •= 4 ? r r  . ( c o l l i s i o n  r a t e ) . ( e f f i c i e n c y )  . ( l a t e n t
h e a t  p e r
. 3  • ■ ' m o l e c u l e ) .
  ( 6 - 1 )
w h e re  a i s  S t e f a n ' s  c o n s t a n t  a n d  i t  i s  as su m e d  t h a t  t h e
e m i s s i v i t y  o f  t h e  o x id e  p a r t i c l e  i s  o n e . T a k in g  T =  3 5 0 0 ° K ,
1 7 - 3
a n d  t h e  n u m b e r o f  v a p o u r - p h a s e  MgO m o le c u le s  a s  2 - 1 . 1 0  cm 
( t h a t  i s , . o n e  t e n t h  o f  t h e  t o t a l  g a s  s p e c ie s  a t  3 5 0 0 ° K .a n d  
760 t o r r ) , i t  i s  fo u n d  t h a t  t h e  r e q u i r e d  e f f i c i e n c y  i s  0 * 1 7 ,  
a  n o t  im p r o b a b le  v a l u e .
** ■ '
C< * „ ' T ‘ * , . .
-  130 -
A s s u m in g  a n  e f f i c i e n c y . o f  0 - 1 ?  t h e  n u m b e r o f  e f f e c t i v e
21 - 1 - 2  • - 
c o l l i s i o n s  i s  1 - 2 .10  s  cm , s in c e  t h e  c o l l i s i o n  r a t e  f o r
2 1 - 1 - 2  ' 
t h e  MgO m o le c u le s  i s  7 - 1 * 1 0  s cm . T h e  t im e  f o r  c o m p le te
c o n d e n s a t io n  i s  ( 2 - 1 . 1 0 ^ ) / ( 1  - 2 . 1 0 ^ )  o r  1 - 7 5 - '1 0  ^  s .  I f  t h e
4 - 1  .
g a s  v e l o c i t y  , i s  10 cm. s  t h e  l e n g t h  o f  f la m e  o v e r  w h ic h
c o n d e n s a t io n  o c c u r s  i s  1 - 75 cm . , • .. . I :
6 - 3 - 2 .  E x t e n d e d  R e a c t io n - Z o n e
A r e a c t i o n - z o n e ;  w h ic h  e x te n d s  s e v e r a l  c e n t i m e t r e s . ,  . / •  
a b o v e  t h e  s u r f a c e  o f  t h e  p e l l e t  ( f i g .  6- 1 ( b ) )  c o u ld  a r i s e  
i f  th e ,  m e t a l  i s  e v a p o r a t e d  f r o m  t h e  s u r f a c e  o f  t h e  b u r n in g  
p e l l e t  b u t  d o e s  n o t  p r e m ix  w i t h  t h e  o x i d a n t ,  o r. i f  t h e  m e t a l  
p a r t i c l e s  a r e  e j e c t e d ,  r a t h e r  t h a n  e v a p o r a t e d ,  f r o m  t h e  
s u r f a c e .  I n  t h e  f i r s t  c a s e ,  t h e  p e l l e t  s u r f a c e  g iv e s  o f f  
m any s e p a r a t e  j e t s  o f  f u e l  v a p o u r  a n d  o f  o x i d a n t  g a s e s  a n d ,:  1-/ 
a t  t h e  i n t e r f a c e s  o f  t h e  j e t s ,  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  
o c c u r s .  A m o d e l o f  t h i s  t y p e  h a s  b e e n  p r o p o s e d  ( 3 7 )  f o r  t h e  
c o m b u s t io n  o f  c e r t a i n  c o m p o s ite  r o c k e t  p r o p e l l a n t s .
I n  t h e  s e c o n d  c a s e  t h e  f la m e  c o n s i s t s  o f  t h e  sum o f  
t h e  i n d i v i d u a l ,  d i f f u s i o n  f la m e s  s u r r o u n d in g  e a c h  m e t a l  p a r t i c l e .  
F o r  a lu m in iu m  d u s t  f la m e s  o n  a  b u r n e r ,  C a s s e l  e t  a l .  ( 9 4 )  % ■=..
o b s e r v e d  t h i s  t y p e  o f  p a r t i c l e  f la m e  w h e n . t h e  m e t a l  p a r t i c l e s  
w e re  g r e a t e r  t h a n  1 0  fx d ia m e t e r . '  T h e  p h o t o g r a p h ic  o b s e r v a t i o n  
( s e c t i o n  5- 6 . 3 )  o f  b u r n i n g  p a r t i c l e s  b e in g  t h r o w n  o f f  t h e  
s u r f a c e  o f  p y r o t e c h n i c  p e l l e t s  d u r in g .c o m b u s t io n  i s  n o t ,  o f  
c o u r s e ,  e v i d e n c e . t h a t  t h i s  i s  th e .  p r e d o m in a n t  mode o f  c o m b u s t io n ,  
s in c e  t h e  p a r t i c l e s  o b s e r v e d  o n  t h e  c in e - p h o t o g r a p h s  w e re  o u t s id e  
t h e  f l a m e .
T h i s  s e c o n d  m ode o f  c o m b u s t io n  i s  n o t  l i k e l y  t o  b e  
f a s t e r  t h a n  t h e  j e t  d i f f u s i o n  m o d e , a n d  w i l l  b e  c o n s i d e r e d ' h e r e . ' 
A s s u m in g  t h a t  t h e  p y r .o t e c h n ic  f la m e s  a r e  p a r t i c l e  f l a m e s ,  
i g n i t i o n  o f  t h e  m e t a l  p a r t i c l e s  w o u ld  p r e s u m a b ly  o c c u r  v e r y  
c lo s e  t o  t h e  s u r f a c e ■o f  t h e  p e l l e t  (T  , a p p r o x i m a t e l y  9 0 0 ° K )t B
s in c e  t h e  i g n i t i o n  t e m p e r a t u r e  o f  a  c lo u d  o f  p a r t i c l e s  h a v in g  
a  c o n c e n t r a t i o n  o f  80 mg i s  kn o w n  ( 29)  t o  r a n g e  f ro m  900°IC 
t o  9 7 0 ° K  f o r  p a r t i c l e  s i z e s  f ro m  5 5  p ' t o  7  ju r e s p e c t i v e l y .
T h e  i g n i t i o n  t e m p e r a t u r e  d e c r e a s e s  w i t h  i n c r e a s i n g  p a r t i c l e  
c o n c e n t r a t i o n  b u t  i s  in d e p e n d e n t  o f  t h e  o x y g e n  c o n c e n t r a t i o n  3 ;
f o r  m o le  f r a c t i o n s ,  X q ^ ,  g r e a t e r  t h a n  0 . 02* : : / 3
F ro m  t h e  l i t e r a t u r e  d a t a  o n  t h e  b u r n i n g ' . t i m e s  o f  . • / - y t o / /  
s i n g l e  m a g n e s iu m  p a r t i c l e s  ( s e c t i o n  3- 2 . 2a )  a n  e s t im a t e  c a n  : - • 
b e  m ade o f  t h e  e x t e n t  o f  t h e  p y r o t e c h n i c  f l a m e ' s  r e a c t io n y - z o n e .
F o r  a  5 0  fx d ia m e t e r  p a r t i c l e  i n  a n  o x y g e n - r i c h  a t m o s p h e r e ,
G o r d o n 's  e q u a t i o n 7( 83) g iv e s  a  b u r n i n g - t i m e  o f  0 • 38m s . T h i s  
c o r r e s p o n d s  t o  a  r e a c t i o n - z o n e  e x t e n d in g  f ro m  0 * 4  t o  2cm 7/ v
a b o v e  t h e  s u r f a c e  o f  a  b u r n in g  p e l l e t ,  a s s u m in g  p a r t i c l e  : . '3 .3 ;3 /! /;  
v e l o c i t i e s  o f  ;1 t o  5  m s " " - . .  I n  a h  .a tm o s p h e re ]  l e s s / r i c h  r X n / ; / / - ; . / ;  
o x y g e n  (X Q ^ a b o u t 0 - 2 ) ,  t h e  p a r t i c l e  b u r n in g  t im e  w as fo u n d  ( 8 1 ) 
t o  b e  l o n g e r  b y  a  f a c t o r  o f  t e n ,  m a k in g  t h e  r e a c t i o n - z o n e  i n ; a  * 
p y r o t e c h n i c  f la m e  e x t e n d  4  t o  20cm  a b o v e  t h e  p e l l e t .  A l t h o u g h  
t h e  a  p r i o r i  t h e o r y  o f  G la s s m a n  a n d  B r z u s t o w s k i  (.85)  g iv e s  !3.3 3 ; /
.. p a r t i c l e  b u r n in g  t im e s  g r e a t e r  t h a n  e x p e r i m e n t a l l y  o b s e r v e d  
v a l u e s ,  .th e  t h e o r y  sh o w s t h a t  t h e  b u r n i n g  t im e  i s  n o t  v e r y  ' I . . ' 4/'-- ’ 
d e p e n d e n t  o n  p a r t i c l e  s i z e  f o r  p a r t i c l e s  i n  t h e  r a n g e  10 
t o  1 0 0  j u . T h e  t h e o r y  a l s o  show s t h a t  d e c r e a s in g  t h e  o x y g e n  
m o le  f r a c t i o n  i n  t h e  a tm o s p h e r e  f ro m  0-2  t o  0-05 i n c r e a s e s  . /  ' 4 7 
t h e  b u r n i n g - t i m e  b y  a  f a c t o r  o f  f o u r .  7 7  ..3 3 ] 3 ’ X f r f y f r  3 / '
.H o w e v e r , t h e  b u r n i n g - t i m e s  q u o te d  a b o v e  w e re  m e a s u re d  3.. 
f o r  s i n g l e  m a g n e s iu m  p a r t i c l e s  b u r n in g  i n  a n  e n v ir o n m e n t  i n  3  
w h ic h  t h e  s u p p ly  o f  o x y g e n  w as u n l i m i t e d  b u t  w h ic h  was: a t  a + T O ' ; / /  
r e l a t i v e l y  lo w  t e m p e r a t u r e  ( l e s s  t h a n '1 2 0 0 ° K ) . I n  a  p y r o t e c h n i c  
f la m e  t h e  o x y g e n  c o n c e n t r a t i o n  w o u ld  d e c r e a s e  t h r o u g h  t h e  ,:33- ; 
r e a c t i o n - z o n e  b u t  t h e  h ig h  t e m p e r a t u r e  c r e a t e d  b y  t h e  p r e s e n c e ’'
• o f . o t h e r  b u r n i n g  p a r t i c l e s  w o u ld  in c r e a s e !  b o t h ]  t h e  r a t e  o f  3 3; / 73.3 
h e a t  c o n d u c t io n  t o  t h e  m e t a l  p a r t i c l e  a n d  t h e  r a t e  o f  o x y g e n  
d i f f u s i o n  i n t o  t h e  . f l a m e l e t  a ro u n d ; t h e  p a r t i c l e ,  a n d  w o u ld ;  3 ‘ . V 
d e c r e a s e  t h e  r a d i a t i v e  l o s s  f r o m  t h e  c o n d e n s e d  p r o d u c t s ,  i n  / ? 3' 3: 
t h e  d i f f u s i o n  f l a m e l e t . T u r b u le n c e .  w o u ld , 'a ls o * • i n c r e a s e  t h e  3 3 0 3  4 
t r a n s p o r t  p r o p e r t i e s :  i n  C a s s e l ’ s  a lu m in iu m  d u s t  f la m e  ( l o c . c i t . )
' t u r b u l e n c e  in c r e a s e d  t h e  ,b u r n in g  v e l o c i t y  f ro m  25 c m . s ”  t o ! / .  • 
s e v e r a l  m e t r e s  p e r  s e c o n d .  (T h e  l a t t e r  i s  a p p r o x i m a t e l y  t h e  
" b u r n i n g  v e l o c i t y "  o f  t h e  p y r o t e c h n i c  c o m p o s i t io n s ) .
-  132—
7 T h e  s i n g l e  p a r t i c l e  b u r n i n g - t i m e s ,  t h e r e f o r e ,  m u s t b e  
r e g a r d e d  a s  u p p e r  l i m i t s  o f  t h e  b u r n i n g - t i m e s  o f  p a r t i c l e s  i n  
M g /M (N O ^)2 f l a m e s .  N e v e r t h e l e s s , - i t  seem s m o re  l i k e l y ,  a  
p r i o r i ,  t h a t  t h e  p e l l e t s  g iv e  a  d i f f u s i o n  f la m e  o f  e i t h e r  
t h e  g a s /g a s  o r  t h e  g a s / p a r t i c l e  t y p e ,  r a t h e r  t h a n  a - p r e m ix e d ,  
f l a m e . .  T h i s  a s s u m p t io n  i s  c o n s i s t e n t  w i t h  t h e  p h o t o g r a p h ic  V  
o b s e r v a t i o n s  ( s e c t i o n  5 - 6 . 2 ) :  t h e  e r u p t i o n s  f r o m  t h e  p e l l e t  
s u r f a c e  f o l l o w e d  b y  a  c o n t r a c t i o n  o f  t h e  f la m e  a r e a ,  w h ic h  
w e re  fo u n d  t o  o c c u r  e v e r y  1 t o  20ms s u g g e s t  t h a t  e i t h e r . t h e  >■ 
s u r f a c e  d e c o m p o s i t io n  h a s  a  t i m e - c o n s t a n t  o f  t h i s  o r d e r ,  o r  
t h a t  a i r  e n t r a p p e d  i n  t h e  p e l l e t  e x p a n d s , t h e r e b y  t h r o w in g  
o f f  some o f  t h e  s u r f a c e  l a y e r .  B o th  o f  t h e s e  e f f e c t s  f a v o u r  
a  d i f f u s i o n  f l a m e .  ( T h i s  as s u m e s  t h a t  t h e  e r u p t i o n s  a r e  a  
f u n d a m e n t a l  p r o p e r t y  o f  t h e  f la m e  a n d  w e re  n o t  c a u s e d  b y ,  
f o r  e x a m p le ,  t h e  c a r d b o a r d  c a s i n g ) .
T h e  p r o b a b i l i t y  t h a t ■t h e  p e l l e t  b u r n s  i n  a  d i f f u s i o n  
f la m e  m ode a n d  t h e  p o s s i b i l i t y  t h a t  t h e  f la m e  r e a c t i o n - z o n e  
m ay e x t e n d  s e v e r a l  c e n t i m e t r e s  d o w n s tre a m  fr o m  t h e  p e l l e t ,  
n e c e s s i t a t e s  c o n s i d e r i n g  i f  a  r e a c t i o n  p r o c e s s  c o u ld  b e  
r e s p o n s ib le  f o r  , t h e  e x p e r i m e n t a l l y  o b s e r v e d  i n c r e a s e  i n  t h e  
s p e c t r a l  c o n t i n u u m / l i n e  I n t e n s i t y  r a t i o  a t  w a v e le n g t h s  s h o r t e r  
t h a n  4 0 0 0 $ .
6- 3 . 3 ., R e a c t io n s  w h ic h  P ro d u c e  a  S p e c t r a l '  C o n t in u u m
I n  t h e  r e a c t i o n - z o n e  o f  a  p y r o t e c h n i c  f l a m e ,  t h e  
p r o c e s s e s  l i k e l y  t o  h e  i m p o r t a n t  i n  p r o d u c in g  r a d i a t i o n  a r e  
a s  f o l l o w s :
i .  A s s o c i a t i o n
( a )  M ( g )  +  0  ( g )  . —>- MO ( g )  +  h ^
( b )  M ( g )  +  OH ( g )  — MOH ( g )  +  hv
i i .  D e i o n i s a t i o n
( a )  M+  ( g )  +  e — M ( g )  +  hv
( b )  M 0+  ( g )  +  e — >■ MO ( g )  +  h v
i i i .  L u m in e s c e n c e  o f  o x i d e  p a r t i c l e s
I n  r e a c t i o n  i ( a ) , M c a n  o n l y  b e  Mg s in c e  t h e  a b s o r p t i o n  
p h e n o m e n o n  w as o b s e r v e d  i n  t h e  s p e c t r a  o f  M g /N aN O ^  f la m e s  a n d  
t h e  o x id e s  o f  s o d iu m  a r e  u n s t a b le  a t  h ig h  t e m p e r a t u r e s .
R e a c t io n  i ( b )  i s  t h e  J a m e s  a n d  S u g d e n  r e a c t i o n  ( 1 1 )  b u t  
i t  i s  n o t  l i k e l y  t o  b e  o f  im p o r t a n c e  h e r e  b e c a u s e  t h e  
M g /B a (N 0 ^ )2 f l a m e  s p e c t r a  show  l i t t l e  e v id e n c e  o f  t h e  
p r e s e n c e  o f  OH ( s e c t i o n  5 - 7 - 3 ) •  ;
I n  r e a c t i o n s  i i ( a )  a n d  ( b )  , t h e  p o s i t i v e  io n s  m u s t
| , t..l
b e  Mg a n d  MgO s in c e  m a g n e s iu m  a n d  i t s  o x id e  a r e  t h e  o n ly  
m a jo r  s p e c ie s  common t o  a l l  f l a m e s .  (T h e  w e l l - k n o w n  s o d iu m  
c o n t in u u m  i n  t h e  n e a r  u l t r a v i o l e t  a n d  v i s i b l e ,  w h ic h  w as  
co m m o n ly  t h o u g h t  ( 116 )  t o  b e  a  d e i o n i s a t i o n  c o n t in u u m , i s  
now  k n o w n  ( 1 1 )  t o  b e  d u e  t o  t h e  a s s o c i a t i o n  r e a c t i o n  i ( b ) ) .
I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  C a s s e l  a n d  L ie b m a n  ( 87 )  h a v e
-J- ' , ’ •
s u g g e s te d  t h a t  Mg i s  a n  i n t e r m e d i a r y  i n  t h e  v a p o u r - p h a s e  
o x i d a t i o n  o f  m a g n e s iu m .
A s r e g a r d s  i i i ,  E l l e r n  ( 2 )  h a s  s u g g e s te d  t h a t  " s u p r a -  
t h e r m a l  r a d i a t i o n "  d u e  t o  c a n d o lu m in e s c e n c e  o f  a l k a l i n e - e a r t h  
o x id e s  a c c o u n ts  f o r  a t  l e a s t  p a r t  o f  t h e  v i s i b l e  r a d i a t i o n  J 
e m i t t e d  b y  M g /M (N 0^)2 f l a m e s .
I n  d is c u s s in g  t h e s e  p r o c e s s e s ,  w h a t i s  o f  im p o r t a n c e ,  
i n  t h e  p r e s e n t  c o n t e x t ,  i s  t h e  i n t e n s i t y  o f  r a d i a t i o n  d u e  t o  
, . i  o r  i i  o r  i i i  r e l a t i v e  t o  t h e  i n t e n s i t y  o f  c o n t in u u m  r a d i a t i o n  
d u e  t o  t h e r m a l  e m is s io n  f r o m  c o n d e n s e d  o x id e  p a r t i c l e s ,  s in c e  
t h e  c o n s i d e r a t io n s  o f  s e c t i o n  6-2  s u g g e s t  t h e  p r e s e n c e  o f  
c o n d e n s e d  o x id e  a t  a l l  p o i n t s  i n  t h e  f l a m e .  Some o f  t h e .  
s p e c t r a l  c o n t in u u m  i s  d u e ,  t h e r e f o r e ,  t o  t h e r m a l  e m i s s i o n . ,  . 
H o w e v e r ,  t h e  c o n t in u u m  a t  w a v e le n g t h s  i n  t h e  v i s i b l e  r a n g e  
m ig h t  b e  d u e  t o  o x id e  t h e r m a l  e m is s io n ,  b u t  t h e  i n c r e a s e  i n  
t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  u l t r a v i o l e t  c o n t in u u m  m ig h t  b e  
c a u s e d  b y  o n e  o f  t h e  c h e m ic a l  p r o c e s s e s  l i s t e d  a b o v e .  I n  
t h a t  c a s e ,  r a d i a t i o n  d u e  t o  r e a c t i o n  m u s t b e  s u f f i c i e n t  t o  
i n c r e a s e  t h e  t o t a l  u l t r a v i o l e t  c o n t in u u m  t o  a  l e v e l  c o r r e s p o n d in g  
t o  t h a t  o f  a  b la c k b o d y  a t  a  t e m p e r a t u r e  a t  l e a s t  e q u a l  t o  t h a t  
o f  t h e  g a s ,  s in c e  no a t o m ic  l i n e s  w e re  o b s e r v e d  i n  e m is s io n  
a g a i n s t  t h e  u l t r a v i o l e t  c o n t in u u m .„
To assess the importance-of radiation due to chemical 
reaction, the.most fru itfu l approach is  to calculate the 
number.of reactions per second per unit volume required 
to produce an intensity comparable to that of a blackbody 
at .the temperature of the flame, and then to see i f  the 
required number of reactions can occur in practice.
Suppose n^  reactions per second per unit volume
produce a continuum extending 500$ to either side of the
centre wavelength of 3500$. The radiance produced by a
3small volume 1 . 1 . dz cm in the interior of the flame at a 
horizontal distance z from the surface is:
n hv  ■ *to- 3  i - 1 - 2  -1 o-1r -jj— . 10 . dz erg s cm sr A
I f  the flame has a depth L cm and an extinction coefficient 
- 1K cm , the radiation emerging from the flame is  given by 
Breact. = j n h v  3 _Kz= I n hv
r •
J o  '
10 . e dz
nr . 10~5 • £  (1 -  e"1^ )
(6 - 2 )
Since the extinction is  due to scattering and absorption by
oxide particles, the extinction coefficient may be assumed 
- 1to be about 5 cm (corresponding to a flame transmission 
of 1$). Taking v = 8-55.101  ^ Hz ( X = 3500$) gives
^react. n .^-17 -1 -2 -1 o-1B = nr • 9 - 1 0  erg s cm sr A
A blackbody radiator emits, at a wavelength 3500$,
if - 2  - 1  o- 11*8.10 ergs s cm sr A i f  i t  is  at a temperature
3500°K and 2*6.10^ ergs s”  ^ cm"^  sr" $" for a temperature
3000 K. Dividing these, values by B * gives the number
o f  r e a c t i o n s  p e r  cm r e q u i r e d  t o  p ro d u c e  a  f la m e  r a d i a n c e  
c o m p a r a b le  t o  t h a t  o f  a  b la c k b o d y :
2 . 1 0 ^  r e a c t i o n s  s~^  cm ^  f o r  T  =  3 5 0 0 ° K
1 9  -1  - B  o
3 . 1 0  r e a c t i o n s  s  cm f o r  T  =  3 0 0 0  K
T h e  n u m b e r o f  c o l l i s i o n s  p e r  s e c o n d  p e r  u n i t  v o lu m e ,  
b e tw e e n  tw o  u n l i k e  s p e c ie s  o f  c o n c e n t r a t i o n s ,  n^ a n d  
n ^  cnT"^, c a n  b e  c a l c u l a t e d  f r o m  t h e  s im p le  g a s  k i n e t i c  
f o r m u la :
2 ro -.0-5 - 1 - 3r f c mi  cm p
3
Z 2^ =  T riL^n^{p -5 (d^ + d2 ) ]  |~8k T  J  s
(6-3)
w h e re  d^ a n d  d 2 a r e  t h e  d ia m e t e r s  a n d  p.. i s  t h e  r e d u c e d  m a s s .
I t  i s  as su m e d  t h a t  d^ =  d 2 =  2 $ .  '
A s s u m in g  t h a t  o x y g e n  a to m s  a n d  m a g n e s iu m  a to m s  a c c o u n t ,  
i n  e q u a l  p a r t s ,  f o r  f o u r  f i f t h s  o f  t h e .  t o t a l  g a s  p h a s e  
s p e c ie s  a t  b o t h  t e m p e r a t u r e s  ( i . e .  e q u a ls  n ^  a n d  e q u a ls
1 0 ^ .  cm ^ a t  3 0 0 0 ° K  a n d  e q u a ls  0 - 8 . 1  0 ^  cm ^  a t  3 5 0 0 ° K ) p/
e q t .  ( 6- 3 ) g iv e s  . t h e  n u m b e r o f  c o l l i s i o n s  a s  a b o u t  2 .10
f o r  b o t h  t e m p e r a t u r e s .  H o w e v e r ,  t h e  e f f i c i e n c y  o f  a s s o c i a t i o n
a n d  d e i o n i s a t i o n  c o l l i s i o n s '  i s  h o t  g r e a t e r  t h a n  1 i n . 10 ( 116 ) .
T h e  r e a s o n  i s  t h a t  a s s o c i a t i o n  a n d  d e i o n i s a t i o n  p r o c e s s e s
w h ic h  g iv e  r i s e  t o  c o n t in u o u s  r a d i a t i o n  a r e  c o l l i s i o n s  i n
w h ic h  k i n e t i c  e n e r g y  i s  c o n v e r t e d  i n t o  r a d i a t i o n ,  a n d  f o r
t h i s  c o n v e r s io n  t o  o c c u r  t h e  d u r a t i o n  o f  a  c o l l i s i o n  m u s t b e
g r e a t e r  t h a n  t h e  t im e  r e q u i r e d  f o r  e m is s io n  o f  r a d i a t i o n ;
—13
t h e  f o r m e r  t im e  i s  o f  t h e  o r d e r  10 s  a t  760 t o r r  a n d
—8
t h e  l a t t e r  o f  t h e  o r d e r  1 0 ~  s .  I n  t h e  p r e s e n t  c a s e ,  t h e r e f o r e ,
A t  3 0 0 0  K t h e  e q u i l i b r i u m  n u m b e rs  o f  0  a n d  Mg a to m s  a r e
1 6  1 7 —3 '
4 . 1 0  a n d  1 - 5-10  cm r e s p e c t i v e l y  a c c o r d in g  t o  Y u d in
a n d  K a r k l i t  . ( 1 8 ) .  A t  t h e  c a l c u l a t e d  b o i l i n g  p o i n t . o f
MgO ( 3 2 8 0 ° K )  t h e  0  a n d  Mg e q u i l i b r i u m  c o n c e n t r a t i o n s  a r e  ,
1 - 7 5 . 101 7 a n d  5 * 5 - 10^  cm ~^ r e s p e c t i v e l y  ( 18 ) .
-  136 -
t h e  e f f e c t i v e  n u m b e r o f  c o l l i s i o n s  i s  n o t  g r e a t e r  t h a n  2 .10  
C o m p a r in g  t h i s  f i g u r e  w i t h  t h e  r e q u i r e d  n u m b e r o f  r e a c t i o n s  
2 . 1 0 ^ °  a t  3 5 0 0 ° K  a n d  3 . 1 0 ^  a t  3 0 0 0 ° K  sh o w s m  i n  e x c e s s  b y  
a  f a c t o r  o f  1 0 ^  a t  3 0 0 0 ° K  a n d  a  f a c t o r  o f  1 0  a t  3 5 0 0 ° K .
H o w e v e r ,  e v e n  a t  3 0 0 0 ° K  t h e  m a r g in  o f  1 0 ^  c o l l i s i o n s  m ay
~ . 5
n o t  b e  s u f f i c i e n t .  A c o l l i s i o n  e f f i c i e n c y  o f ' 1 i n  1 0  i s
t h e  m axim um  e x p e c t e d  e f f i c i e n c y  f o r  r a d i a t i v e  a s s o c i a t i o n
o f  a t o m s . i n t o  a  s t a b l e  ( l o w e r )  m o le c u la r  s t a t e .  I n  p r a c t i c e ,
t h e  u p p e r  e l e c t r o n i c  s t a t e  ( f o r m e d  b y  t h e  c o l l i d i n g  a to m s )
o f t e n  i n v o l v e s  a n  e x c i t e d  a to m  ( 5 ) a n d  th e . a c t i v a t i o n  e n e r g y
r e q u i r e d  a s  a  c o n s e q u e n c e  w i l l  r e d u c e  t h e  n u m b e r o f  e f f e c t i v e
4
c o l l i s i o n s .  ( A t  e q u i l i b r i u m ,  l e s s  t h a n  1 i n  1 0  Mg a to m s  
a r e  i n  t h e  f i r s t  e x c i t e d  JP s t a t e  f o r  a  t e m p e r a t u r e  o f  3 0 0 0 ° K ) . 
A l t e r n a t i v e l y ,  i f  t h e  u p p e r  m o le c u la r  s t a t e  i s  fo r m e d  f ro m  
g r o u n d - s t a t e  a to m s  t h e  t r a n s i t i o n  p r o b a b i l i t y  t o  t h e  g r o u n d - s t a t e
w i l l  b e  lo w  ( 5 )  a n d  a g a i n  t h e  c o l l i s i o n  e f f i c i e n c y  w i l l  b e  m uch
5  'l o w e r  t h a n  1. i n  10 .
W i t h o u t  d e t a i l e d  k n o w le d g e  o f  t h e  e l e c t r o n i c  e n e r g y  
l e v e l s  o f  t h e  MgO m o le c u le  t h e  a rg u m e n t r e m a in s  s o m e w h a t ‘ 
i n c o n c l u s i v e .  On t h e  b a s i s  o f  t h e  s im p le  c o n s i d e r a t i o n s  
a b o v e ,  h o w e v e r ,  i t  i s  t h o u g h t  t h a t  r a d i a t i o n  f r o m  a n  
a s s o c i a + i o n  r e a c t i o n  i s  u n im p o r t a n t  i n  p y r o t e c h n i c  f l a m e s ,  
e s p e c i a l l y  i f  t h e  f la m e  te m p e r a t u r e -  i s  a b o v e  3 0 0 0 ° K .
+ ♦
F o r  c o l l i s i o n s  b e tw e e n  Mg , o r  o t h e r  i o n ,  a n d  e l e c t r o n s ,  ' 
t h e  r a t e  a t  3 0 0 0 ° K  i s ,  f r o m  e q t .  ( 6 - 3 ) :
i
Z 12 =  3 - 8 . 1 0 ' 9 n +  n e
• - 3
w h e re  n  i s  t h e  e l e c t r o n  c o n c e n t r a t i o n  cm , a n d  i s  o f  t h e  o r d e r  
1 if ’ — 3 ■
1 0  cm f ro m  J o h n s o n 's  e x p e r im e n t s  ( 2 0 ) .  D e i o n i s a t i o n  c o n t in u a  
c a n  b e  d is m is s e d ,  e v e n  f o r  a  t e m p e r a t u r e  o f  3 0 0 0 ° K ,  s in c e  i f
1 4  ''ig
n  i s  10 a n d  n  i s  a s  h ig h  a s  10 , e q t .  ( 6- 3 ) . sh o w s t h a t
e "** 2 3  • • ■*' •
t h e  t o t a l  n u m b e r o f  c o l l i s i o n s  i s  3 * 8*10 a n d  t h e  e f f e c t i v e
1 8
n u m b e r i s  t h e r e f o r e  o n l y  3 * 8 .10  a t  m o s t .
21
-  1 3 7  -
A s r e g a r d s  o x id e  lu m in e s c e n c e ,  i t  i s  i m p o r t a n t  t o  
d i s t i n g u i s h  b e tw e e n  h e a t i n g  o f  s o l i d  p a r t i c l e s  b y  e x o t h e r m ic  
r e a c t i o n  o n  t h e i r  s u r f a c e s  ( c a n d o lu m in e s c e n c e )  a n d  t r u e  
lu m in e s c e n c e .  T h e  w e l l - k n o w n  W e ls b a c h  M a n t le  i s  a n  e x a m p le  
o f  t h e  f o r m e r :  t h e  t h o r i a / c e r i a  o x id e  i s  h e a t e d  ( b y  H a to m s  
r e c o m b in in g  o n  i t s  s u r f a c e )  a b o v e  t h e  f l a m e . g a s  t e m p e r a t u r e  
b e c a u s e  i t  h a s  lo w  e m i s s i v i t y  i n  t h e  i n f r a r e d  ( 116 ) ;  
e s s e n t i a l l y , ,  h o w e v e r ,  i t  e m i t s  t h e r m a l  r a d i a t i o n  a p p r o p r i a t e  
t o  i t s  s u r f a c e  t e m p e r a t u r e  a n d  i t s  e m i s s i v i t y .  C a n d o lu m in e s c e n c e  
w i l l  n o t  b e  c o n s id e r e d  f u r t h e r  a t  t h i s  p o i n t  a l t h o u g h  i t  i s  
n o t e d  t h a t  a n  u n s u c c e s s f u l  a t t e m p t  h a s  b e e n  m ade ( 11 9 )  t o  
s i m u l a t e  t h e  W e ls b a c h  M a n t le  e f f e c t  b y  d o p in g  a  t h o r iu m /p o t a s s iu m  
p e r c h l o r a t e  f l a s h  c o m p o s i t io n  w i t h  en o u g h  c e r iu m  s u l p h i t e  t o  
p ro d u c e  t h e  c o r r e c t  m i x t u r e  o f  o x id e s  i n  t h e  c o m b u s t io n  p r o d u c t s *
T r u e  lu m in e s c e n c e  i n v o l v e s  e m is s io n  o f  r a d i a t i o n  a t  
w a v e le n g t h s  d e t e r m in e d  b y  t h e  e n e r g y  l e v e l s  o f  t h e  s o l i d  
c r y s t a l  l a t t i c e .  T h i s  t y p e  o f  lu m in e s c e n c e  w as o b s e r v e d  b y  
N i c h o ls  a n d  H ow es ( 7 2 )  f o r  m a g n e s ia  a n d  o t h e r  a l k a l i n e - e a r t h  V. 
o x id e s  a l t h o u g h  i t  i s  now  k n o w n  ( 73 )  t h a t  i t  d e p e n d s  o n  
i m p u r i t i e 's  i n  t h e  c r y s t a l .  M a r k s t e i n  ( 2 1 )  h a s . s u g g e s te d  t h a t  
t h e  s o l i d  o x id e  p r o d u c t  i n  h i s  lo w  p r e s s u r e  m a g n e s iu m /o x y g e n  
f la m e  lu m in e s c e d  b e c a u s e  o f  a n  i n t e r a c t i o n  b e tw e e n  a n  a d s o r b e d  
a to m  a n d  t h e  o x id e  l a t t i c e .  T h e  c o l l i s i o n  e f f i c i e n c y  r e q u i r e d  
f o r  t h i s  t y p e  o f  lu m in e s c e n c e  t o  b e  c o m p a r a b le  t o  t h e r m a l  
r a d i a t i o n  c a n  b e  c a l c u l a t e d  f r o m  t h e  c o l l i s i o n ,  r a t e  o f  a to m s  
w i t h  t h e  s o l i d  p a r t i c l e s .  I f  n  i s  t h e  n u m b e r o f  o x id e
3r  _ 3  .
p a r t i c l e s ,  o f  r a d i u s  r ,  p e r  cm a n d  w ,  g  cm , i s  t h e  m ass  
c o n c e n t r a t i o n  o f  o x i d e ,  g a s  k i n e t i c  t h e o r y  g iv e s  t h e  c o l l i s i o n  7 
r a t e  a s
2  • _'i _ 3
0 * 2 5 n c . 4  7 r r  n  =  0 * 2 5 n c .3 w  ( P r )  s  cm
  (6-4)
w h e re  p i s  t h e  d e n s i t y  o f  t h e  o x i d e ,  n  i s  t h e  c o n c e n t r a t i o n  o f
- 3  -  .
t o t a l  g a s  p h a s e  s p e c i e s ,  cm , a n d  c i s  t h e  a v e r a g e  v e l o c i t y .
o 2 3  -1  -3
A t  3 0 0 0  K ,  t h e  c o l l i s i o n  r a t e  i s  o f  t h e  o r d e r  1 0 . s  cm
-  1 3 8  -
f o r  o x id e  p a r t i c l e s  o f ,  r a d i u s  0*3 p a n d  i n  m ass c o n c e n t r a t i o n s
' ' IT *
o f  2 - 5 - 1 0  6 cm . (T h e  l a t t e r  c o r r e s p o n d s  t o  a b o u t  o ne
q u a r t e r  o f  t h e  t o t a l  m ass o f  t h e  r e a c t i o n  p r o d u c t s ) .  F o r
s m a l l  p a r t i c l e s ,  t h e  r a t e  w o u ld  o b v io u s ly  b e  g r e a t e r , .  I t
m ig h t  s e e m , t h e r e f o r e ,  t h a t  o x id e  lu m in e s c e n c e  i s  i m p o r t a n t ,
3
g iv e n  a  c o l l i s i o n  e f f i c i e n c y  o f  t h e  o r d e r  1 i n  10 .
H o w e v e r ,  t h e  lu m in e s c e n c e  o b s e r v e d  b y  N i c h o l s  a n d  
H ow es i s  e s s e n t i a l l y  a  lo w  t e m p e r a t u r e  p h e n o m e n o n  a n d  o c c u r s  
o v e r  a  l i m i t e d  t e m p e r a t u r e  r a n g e  u s u a l l y  b e lo w  1 7 0 0 ° K .  I t  
i s  s u s p e c t e d  t h a t  t h e  a n a lo g o u s  M a r k s t e i n  lu m in e s c e n c e  w o u ld  
show  s i m i l a r  b e h a v io u r .  . I n  a d d i t i o n ,  m a g n e s iu m  o x id e  lu m in e s c e n c e  
■ i s  r e p o r t e d  t o  o c c u r  m a in l y  a t  v i s i b l e  w a v e le n g t h s .  T h e  
p h e n o m e n o n , t h e r e f o r e ,  i s  p r o b a b l y  n o t  i m p o r t a n t  i n  e x p l a i n i n g  
t h e  u l t r a v i o l e t  c o n t in u u m  i n  M g /M (N 0^)2 f l a m e s .  .
T h e  c o n c lu s io n s ,  t h e r e f o r e ,  a b o u t  t h e  t h r e e  t y p e s  o f  
r e a c t i o n s  l i k e l y  t o  p r o d u c e  c o n t in u u m  r a d i a t i o n  a r e : '  t h a t  a  
, , • d e i o n i s a t i o n  p r o c e s s  i s  n o t  t h e  o r i g i n  o f  th e '  u l t r a v i o l e t  
c o n t in u u m  e m i t t e d  b y  M g /M (N 0^ ) 2 _ f la m e s ;  t h a t  t h e r e  i s  no  
c o n v in c in g  e v id e n c e  f o r  t h e  im p o r t a n c e  o f  o x id e  lu m in e s c e n c e ; ,  
a n d  t h a t  a n  a s s o c i a t i o n  r e a c t i o n  i s  p r o b a b ly  n o t  s i g n i f i c a n t ,  
e s p e c i a l l y  i f  t h e  f la m e  t e m p e r a t u r e  i s  a b o v e  3 0 0 0 ° K .
6 - 4 .  T h e r m a l  E m is s io n  f ro m  O x id e  P a r t i c l e s
6 - 4 . 1 .  R e a s o n s  f o r  a  T r a n s i t i o n  W a v e le n g th
T h e  p h e n o m e n o n  o f  a  t r a n s i t i o n  w a v e le n g t h  -  b e lo w  w h ic h  . 
l i n e s  a n d  b a n d s  a p p e a r  o n l y  i n  a b s o r p t i o n  a g a i n s t  ; - th e  c o n t in u u m ,  
a n d  a b o v e  w h ic h  s p e c i f i c  e m is s io n s  a r e  s u p e r im p o s e d  o n  t h e  
c o n t in u u m  -  c a n  r e a d i l y  b e  e x p l a in e d  on  t h e  b a s i s  o f  t h e  w a v e le n g t h  
d e p e n d e n c e  o f  t h e  e m i s s i v i t y  o f  t h e  c lo u d  o f  o x id e  p a r t i c l e s ,  
i f  i t  i s  a s su m e d  t h a t  t h e  o x id e  c lo u d  i s  m a in l y  r e s p o n s ib le  
f o r  t h e  c o n t in u u m . I n  g e n e r a l ,  t h e . e m i s s i v i t y  o f  a  c lo u d  o f  
s m a l l  p a r t i c l e s  i n c r e a s e s  w i t h  d e c r e a s in g  w a v e le n g t h  ( s e c t i o n  2- 2 ) .  
T h e r e  a r e  t h e n  tw o  p o s s i b l e  w ay s  o f  a c c o u n t in g  f o r  t h e  e m is s i o n /  
a b s o r p t i o n  t r a n s i t i o n  w a v e le n g t h  i n  t h e  s p e c t r a  f r o m  t h e  f i r s t  
3 t o  5cm o f  p y r o t e c h n i c  f la m e s  a t  760 t o r r .
-  1 3 9  -
F i r s t l y ,  t h e  e m i s s i v i t y  o f  t h e  c lo u d ,  i n c r e a s i n g  f ro m  . . 
r e d  t o  b l u e ,  a t t a i n s  a  v a l u e  o f  o n e  a t  4 0 0 0 $  a p p r o x i m a t e l y .
F o r  a . s o u r c e  i n  e q u i l i b r i u m , K i r c h h o f f ' s  Law  r e q u i r e s  t h a t ,  
n o  s p e c i f i c  e m is s io n s  o c c u r  s u p e r im p o s e d  o n  t h e  c o n t in u u m .
Thu s- t h e  l i n e s  a n d  b a n d s  o b s e r v e d  i n  a b s o r p t i o n  a t  w a v e le n g t h s  
s h o r t e r  t h a n  4 0 0 0 $ . .a r e .  d u e  t o  a to m s  a n d  m o le c u le s  i n  th e -  . 
c o o le r  o u t e r  f r i n g e s  o f  t h e  f l a m e :  i f  no  c o n t in u u m  w e re  p r e s e n t  
t h e  l i n e s  w o u ld  h a v e  t h e i r  c e n t r e s  r e v e r s e d . -  A l t e r n a t i v e l y  
t h e  e m i s s i v i t y  o f  t h e  c lo u d  i s  n o t  n e c e s s a r i l y  e q u a l  t o  o n e  
a t  4 0 0 0 $  b u t  t h e  o x id e  p a r t i c l e s  a r e  a t  a  h i g h e r  t e m p e r a t u r e  
t h a n  t h e  f la m e  g a s e s .  T h i s  s e c o n d  p o s s i b i l i t y  d o e s  n o t  r e q u i r e  
th e . v a l i d i t y  o f  K i r c h h o f f ' s  L aw  a n d  w o u ld  b e  a p p l i c a b l e ,  t h e r e f o r e ,  
e v e n  i f  t h e  a b s o r p t i o n  p h e n o m e n o n  o c c u r s  i n  t h e  r e a c t i o n - z o n e  
o f  t h e  f l a m e .  T h e  a b s o r b in g  s p e c ie s  i n  t h i s  c a s e  c o u ld  b e  i n '  
t h e  i n t e r i o r  o f  t h e  f l a m e .
B e f o r e  p r o c e e d in g  t o  d is c u s s  t h e s e  tw o  p o s s i b i l i t i e s  
i n  d e t a i l ,  , i t  c a n  b e  s a i d  t h a t ,  i n  e i t h e r  c a s e ,  a  s h i f t  o f  t h e  
t r a n s i t i o n  w a v e le n g t h  w i t h  m ass b u r n in g  r a t e  ( g  s  ) ( s e c t i o n  5 - 2)
i s  r e a d i l y  u n d e r s t o o d .  A t  m ass b u r n in g  r a t e s  l o w e r  t h a n  t h a t
a t .  760 t o r r  t h e  o x id e  p a r t i c l e  c lo u d  i s  m o re  d i l u t e  so  t h a t  a
g iv e n  e m i s s i v i t y  i s  a t t a i n e d ,  a t  a  w a v e le n g t h  s h o r t e r  t h a n  • -
4 0 0 0 $  (a s s u m in g  t h e  e m i s s i v i t y  i n c r e a s e s  w i t h  d e c r e a s in g  
w a v e l e n g t h ) .  On t h e  o t h e r  h a n d ,  p e l l e t s  t h a t  b u r n e d  " e x p l o s i v e l y "  
( s e c t i o n  5- 5 )  h a d  a  m ass b u r n i n g  r a t e  h i g h e r  t h a n  t h e  n o r m a l  '
r a t e  a t  760 t o r r  a n d  t h e  m o re  c o n c e n t r a t e d  o x id e  c lo u d  p r o d u c e d  
c o u ld  a t t a i n  t h e  r e q u i r e d  e m i s s i v i t y  a t  w a v e le n g t h s  i n  t h e  
v i s i b l e  s p e c t r a l  r e g i o n .
6 - 4 . 2 .  T h e  E m i s s i v i t y  o f  a  G a s / P a r t i c l e  S y s te m
A t  a  g iv e n  t e m p e r a t u r e  a n d  w a v e l e n g t h , • t h e  e m i s s i v i t y ,  
ep , o f  a  p a r t i c u l a t e  c lo u d  c a n  b e  show n ( s e c t i o n  2- 2 .1  a n d  
A p p e n d ix  1 )  t o  b e :
ep  “  -s +  s
ap  sp
[ 1  -  e x p ( - n p s t p L ) ]
. . . . .  (6-5)
i n  w h ic h  s a n d  s  . a n d  s , a r e  t h e  a b s o r p t i o n ,  s c a t t e r i n g  a n d  
a p  s p  t p  *
-  1 4 0 -
t o t a l  c r o s s - s e c t i o n s ,  r e s p e c t i v e l y ,  o f  t h e  i n d i v i d u a l  p a r t i c l e s  - 
(a s s u m e d  t o  b e  s p h e r e s  o f  u n i f o r m  s i z e ) ,  n ^  i s  t h e  n u m b e r o f  
p a r t i c l e s  p e r  cm^ a n d  L  i s  t h e  d e p th  o f  t h e  c l o u d .  F o r  
s i m p l i c i t y ,  i t  i s  as s u m e d  t h a t  o n l y  s i n g l e  s c a t t e r i n g  o c c u r s .
I f  t h e  p a r t i c l e s  s c a t t e r  p r e d o m in a n t ly ;  i n  t h e  f o r w a r d  d i r e c t i o n ,  
t h e n  s ^  i s  t o  b e  r e g a r d e d  a s  a n  e f f e c t i v e  s c a t t e r i n g  c r o s s - s e c t i o n  
(A p p e n d ix  1 ) .
T h e  c r o s s - s e c t i o n s  .s - a n d  s  a r e  b o t h  f u n c t i o n s  o f
• ap  sp
t h e  p a r a m e t e r  x  ( =  2  7r r / X  I  w h e re  r  i s  t h e  p a r t i c l e  r a d i u s ) a n d ,  
f o r  a  g iv e n  p a r t i c l e  s i z e ,  i n c r e a s e  w i t h  d e c r e a s in g  w a v e le n g t h .
I f  t h e  MgO p a r t i c l e s  a r e  v e r y  s m a l l  -  r a d i i  o f  t h e  o r d e r  5 0 $  -  
t h e n  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  i s  n e g l i g i b l e  c o m p a re d  w i t h  
t h e  a b s o r p t i o n  c r o s s - s e c t i o n . ( s e c t i o n  2- 2 . 5 ) a n d  t h e  e m i s s i v i t y  
o f  a  c lo u d  o f  s u c h  p a r t i c l e s ,  a p p r o a c h e s  o n e  a s  n ^ s ^ L  i n  
e q t .  ( 6 - 5 )  b e c o m e s  l a r g e .  F o r  s m a l l  p a r t i c l e s ,  t h e  c h a n g e  
o f  w i t h  w a v e le n g t h  i s  f a i r l y  r a p i d  so  t h a t  t h e  c lo u d  c o u ld  
h a v e  a n  e m i s s i v i t y  l e s s  t h a n  o n e  f o r  w a v e le n g t h s  i n  t h e  v i s i b l e  
r e g i o n  a n d  e q u a l  t o  o n e  f o r  u l t r a v i o l e t  w a v e le n g t h s .  T h e  V- • • 
p o s s i b i l i t y  t h a t  t h e  MgO p a r t i c l e s  i n  t h e  p y r o t e c h n i c  f la m e s  
a r e  s u f f i c i e n t l y  s m a l l  t o  m ake t h e  e m i s s i v i t y  o f . t h e  f la m e ,  
e q u a l  t o  o n e  a t  4 0 0 0 $  w i l l  b e  d i s c u s s e d ] l a t e r ,  i i i  s e c t i o n  6 - 4 . 3 -
A t  s u f f i c i e n t l y  l a r g e  x ,  t h e  e x t i n c t i o n  e f f i c i e n c y
2  , *
( s  +  s  ) /  7r r  a t t a i n s  a  c o n s t a n t  v a l u e  o f  t w o ,  s o .  t h a t ' a  .. *• 
ap  -sp
s u f f i c i e n t l y  d e n s e  c lo u d  r e a c h e s  a n  e m i s s i v i t y  o f  ( s  / s .  ) .] .
cLp Ups
a t  s h o r t  w a v e le n g t h s .  T h e  v a l u e  o f  x - r e q u i r e d  t o  m ake t h e  
e x t i n c t i o n  e f f i c i e n c y  e q u a l  t o  tw o  f o r  a  MgO p a r t i c l e  i s  
n o t  kn o w n  e x a c t l y  ( s e c t i o n  2 - 2 . 5 ) ,  b u t  f r o m  t h e  w o r k  o f . P l a s s  ( 5 1 )  
a n  x  o f  t h e  o r d e r  f i v e  seem s t o  b e  r e q u i r e d .  T h u s ,  a  d e n s e  
c lo u d  o f  MgO p a r t i c l e s  w i t h  r a d i i  g r e a t e r  t h a n  0 * 6 g a p p r o x i m a t e l y ,  
w i l l  h a v e  a  c o n s t a n t  e m i s s i v i t y  a t  w a v e le n g t h s  s h o r t e r  t h a n  1 
T h e  e m i s s i v i t y  w i l l  b e  l e s s  t h a n  o n e , h o w e v e r ,  b e c a u s e  MgO 
p a r t i c l e s ,  o f  t h i s  s i z e  h a v e  a n  a p p r e c i a b l e  s c a t t e r i n g  c r o s s - s e c t i o n
A t  t h e  w a v e le n g t h s  o f  a t o m ic  o r  m o l e c u l a r  t r a n s i t i o n s ,  
t h e  i n t e n s i t y  o f  r a d i a t i o n  e m i t t e d  b y  t h e ' f la m e  i s  no  l o n g e r  
t h a t  o f  t h e  o x id e  p a r t i c l e s  a l o n e .  I n  t h e  g e n e r a l  c a s e ,  i f
-  1 4 1  -
T ^  i s  t h e  t e m p e r a t u r e  o f  t h e  o x id e  p a r t i c l e s  a n d  i s  t h e  
g a s  t e m p e r a t u r e ,  t h e n  a t  a  f r e q u e n c y  v ,. c o r r e s p o n d in g  t o  a n  
a to m ic  t r a n s i t i o n ,  t h e  e f f e c t i v e  e m i s s i v i t y  o f  t h e  f la m e  i s  
g iv e n  b y  ( A p p e n d ix  1 ) ,:
e =  K" 1 
p + a
n  s  +  n  s  , e x p  
p  a p  a  a a -  T ' 1 ) } ] [ i  -  e x p ( - K L ) ]
K =  n s  +  n  s  +  n  s
p  a p  p  sp  a  a a
  ( 6 - 7 )
3I n  t h e s e  e q u a t i o n s ,  n & i s  t h e  n u m b e r o f  a to m s  :p e r  cm a n d  s a a  
i s  t h e  a t o m ic  a b s o r p t i o n  c r o s s - s e c t i o n  f o r  t h e  f r e q u e n c y  v .
A l i n e  ( o r  b a n d )  w i l l  a p p e a r  i n  e m is s io n  a g a i n s t  t h e
c o n t in u u m  i f  e i s  . g r e a t e r  t h a n  e a n d  i n  a b s o r p t i o n  p+a - • P
a g a i n s t  t h e  c o n t in u u m  i f  e i s  l e s s  t h a n  € . T h r e e  c a s e s  ,
. p + a  p
c a n -n o w  b e  d i s t i n g u i s h e d :  •• • /  ■/■
C a) I f  € e q u a ls  1 , w h ic h  i m p l i e s  t h a t  t h e  t e r m s
e x p ( - n ^ s ^ ^ L )  a n d  e x p ( - K L )  i n  e q t s .  ( 6 - 5 )  a n d
( 6- 6)  a r e  n e g l i g i b l e  c o m p a re d  t o  one,- t h e n
e i s  l e s s  t h a n  e f o r  l i n e s  o f  a n y  
p + a  p
w a v e le n g t h  p r o v i d e d  T ^  i s  l e s s  t h a n  T ^ .  I f
T  e q u a ls  T  , t h e n /  e e q u a ls  e a n d  t h e  
a  H • p 1 • p + a  H p
f la m e  e m it s  a  f e a t u r e l e s s  c o n t in u u m .
( b )  I f  t h e  p a r t i c l e  c lo u d  i s  s u f f i c i e n t l y  d e n s e  f o r
t h e  e x p o n e n t i a l  t e r m  i n  e q t . - ( 6- 6 )  t o  b e  n e g l i g i b l e  
b u t  t h e  p a r t i c l e  c r o s s - s e c t i o n  f o r  s c a t t e r i n g  i s  
n o t  n e g l i g i b l e ,  t h e n  t h e  c o n d i t i o n  f o r  a n  a to m ic  
l i n e  o f  f r e q u e n c y  v t o  a p p e a r !  i n  a b s o r p t i o n  i s  ; 
g iv e n  i n  A p p e n d ix  1 a s :  . ■
e x p [ - ~ |2 Z ( T ” 1 -  T ” 1 ) j
  ( 6 - 8 )
F o r  a  g iv e n  t e m p e r a t u r e  d i f f e r e n c e ,  t h e  e x p o n e n t ia l
-  1 4 2
i n  e q t .  ( 6- 8 ) d e c r e a s e s  w i t h  i n c r e a s i n g  f r e q u e n c y .
T h u s ,  i f  t h e  t e r m ; o n  t h e  r i g h t  h a n d  s i d e ,  w h ic h
i s  l e s s  t h a n  1 , i s  e i t h e r  c o n s t a n t  o r  i n c r e a s e s
w i t h  i n c r e a s i n g  f r e q u e n c y ,  t h e n  a  t r a n s i t i o n .
f r e q u e n c y  e x i s t s ,  b e lo w  w h ic h  a l l  l i n e s . ( o r  b a n d s )
a p p e a r  i n  e m is s io n  a g a i n s t  t h e  c o n t in u u m , a n d
a b o v e  w h ic h  a l l  d i s c r e t e  f e a t u r e s  a r e  i n  a b s o r p t i o n .
T h e  t r a n s i t i o n  f r e q u e n c y  d o e s  n o t  d e p e n d  o n  t h e
a b s o r p t i o n  c o e f f i c i e n t ,  n  s  , o f  t h e  l i n e ;  b u t
a  a a
w h e t h e r  t h e  a b s o r b e d  l i n e  c a n  b e  d e t e c t e d  w i t h  a n
i n s t r u m e n t  o f  g iv e n  s e n s i t i v i t y ' a n d  r e s o l v i n g
p o w e r  d o e s  d e p e n d  o n  n  s  .*  *  a  a a
( c ) . T h e  m o s t g e n e r a l  c a s e  i s  w hen  n e i t h e r  t h e  p a r t i c l e  
c lo u d  n o r  t h e  c lo u d  o f  a to m s  a r e : o p t i c a l l y  d e n s e  
so  t h a t  t h e  f u l l  e x p r e s s io n s  i n  e q t s .  ( 6- 5 )  a n d  
( 6- 6 )  m u s t b e  u s e d .  I t  i s  show n, i n  A p p e n d ix  1 
t h a t  a  t r a n s i t i o n  f r e q u e n c y  a l s o  e x i s t s  i n  t h i s  
c a s e ,  b u t  i t  i s  h i g h e r  t h a n  f o r  o p t i c a l l y  d e n s e  
c lo u d s .  T h e  p r e s e n t  s e m i - q u a n t i t a t i v e  d is c u s s io n  
d o e s  n o t  w a r r a n t  f u r t h e r  c o n s i d e r a t i o n  o f  t h i s  
g e n e r a l  c a s e .
6 - 4 . 3 *  V a lu e  o f  t h e  E m i s s i v i t y  a t  kOOoK
T h e  e m i s s i v i t y  a t  4 0 0 0 $ ,  f o r  t h e  f i r s t  3  t o  5cm  o f  t h e
p y r o t e c h n i c  f la m e s  a t  7&0 t o r r ,  c a n n o t ,  o f  c o u r s e ,  b e  a s c e r t a i n e d '
f ro m  t h e  p r e s e n t  w o r k .  I t  i s ,  h o w e v e r ,  o f  i n t e r e s t  t o  n o t e  t h a t
W o l f h a r d  a n d  P a r k e r  ( 4 3 )  as s u m e d  t h a t ,  a t  s u f f i c i e n t l y  s h o r t  '
w a v e le n g t h s  ( 3000$  f o r  t h e i r  f l a m e ) , a  m a g n e s iu m  p o w d e r - a i r
f la m e  b e h a v e d  a s  a  b la c k b o d y ,  i m p ly in g  t h a t  s ^  w as v i r t u a l l y
e q u a l  t o  s  f o r  t h e  o x i d e - p a r t i c l e s  i n  t h e  f l a m e .  C a l c u l a t i o n s  
a p
b y  P l a s s  ( 5 1 )  s u g g e s t  t h a t ,  f o r  MgO p a r t i c l e s ,  s c a t t e r i n g  m ay  
b e  n e g l i g i b l e  c o m p a re d  t o  a b s o r p t i o n  i f  t h e  x. , p a r a m e t e r  i s  
l e s s  t h a n  0 * 0 6 .  T h u s  a t  a  w a v e le n g t h  o f  3 0 0 o S , t h e  p a r t i c l e  
d ia m e t e r  w o u ld  h a v e  t o  b e  l e s s  t h a n  6 o X  i f  a  d e n s e  c lo u d  o f  
p a r t i c l e s  i s  t o  h a v e  a n  e m i s s i v i t y  o f  o ne a t  t h i s  w a v e le n g t h .
T h i s  s i z e  i s  so m e w h a t l e s s  t h a n  r e p o r t e d  v a lu e s  f o r  m a g n e s iu m -  
o x y g e n  c o m b u s t io n  a t  a t m o s p h e r ic  p r e s s u r e : ,  p a r t i c l e s  o f  100 t o  '
' 10 , 000$  a n d  200 t o  1 5 , 000$  w e re  fo u n d  b y  e l e c t r o n  m ic r o s c o p y  i n
fa 1A 3 -
t h e  p r o d u c t s ,  r e s p e c t i v e l y ,  f r o m  a  m a g n es iu m  a r c  i n  a i r  ( 4 3 )  
a n d  a ,m a g n e s iu m  p o w d e r  f la m e  o n  a  b u r n e r  ( 5 7 ) * -  I n  t h e  
p r o d u c t s  o f  lo w  p r e s s u r e  ( a ' . f e w  t o r r )  d i l u t e  d i f f u s i o n  
f la m e s  o f  m a g n e s iu m  v a p o u r ,  t h e  p a r t i c l e  d ia m e t e r  i s  
r e p o r t e d  t o  b e  1 0 0 $  (74) a n d  t h e  c r y s t a l l i t e  s i z e  t o  b e  
40$ (67). H o w e v e r , ’a s  p o i n t e d  o u t  i n  s e c t i o n  2 - 2 . 3 ,  P l a s s ' s  
c a l c u l a t i o n  u n d e r e s t i m a t e s  t h e  a b s o r p t i o n  c r o s s - s e c t i o n  b e c a u s e  
o n ly  lo w  t e m p e r a t u r e  ( l e s s  t h a n  1 3 0 0 ° K )  r e f r a c t i v e  in d e x  v a l u e s  , 
w e re  a v a i l a b l e  f o r  M gO . F o r  c a r b o n  p a r t i c l e s  a t  f la m e  . 33,
t e m p e r a t u r e s  (47) s c a t t e r i n g  i s  n e g l i g i b l e  f o r  v a l u e s  o f  x  up  
t o  0 * 3  a n d  t h i s  m ay b e  t a k e n  a s  a n  u p p e r  l i m i t  o f  x  f o r  . ,
n e g l e c t i n g  s c a t t e r i n g  b y  MgO p a r t i c l e s .
A n  e s t im a t e  c a n  a l s o  b e  m ade o f  t h e  m a g n itu d e  o f  s^  
r e q u i r e d  t o  m ake t h e  e x p o n e n t i a l  i n  e q t .  ( 6- 5 )  n e g l i g i b l y  •
s m a l l  ( 0 - 0 1  s a y ) .  T h e  s t o i c h i o m e t r i c  M g /S r ( N 0 _ J p c o m p o s i t io n  .
- 1  > ' - 1
h a s  a  m ass b u r n i n g  r a t e ,  m , o f  1*2  g . s  a n d  p r o d u c e s  0 ‘ 605g s
o f  o x i d e ,  h a l f  o f  w h ic h  w i l l  b e  assu m ed  t o  b e  c o n d e n s e d .
A s s u m in g  a  p a r t i c l e  v e l o c i t y ,  v  , f o r  t h e s e  s m a l l  p a r t i c l e s  . ... •
—1 .. ' *- , ; • TO' ;
o f  3 0 0 0  cm s ( s e c t i o n  5 - 6 . 3 ) ,  t a k i n g  t h e  f la m e  d i a m e t e r , L ,
e q u a l  t o  t h e . p e l l e t  d ia m e t e r  a n d  t a k i n g  t h e  d e n s i t y  o f  MgO
a s  3*58 i t  c a n  b e  s e e n  t h a t
n  s , L  =  m . 0 - 6 0 5  • 4 (  7r L 2v ) ” 1 . 3 ( 4  tt r 3 .  3 - 5 8 ) ” 1 .  s .  L  '
p  t p  t p
• ~  StP. - iP"^.
• : . 2 r
7 rr
-4= Q , . 1 0  • . . .  •
^ a b s  ----------
r
. • ... ' • . ’ . . . . .  (6-9)
F o r  a n  80$  p a r t i c l e ,  Qe x _^ (a s s u m e d  e q u a l  t o  Qa^ s ) m u s t b e  g r e a t e r  
t h a n  .1 *8 . 10” 2 f o r  e x p ( - n ^ s ^ ^ L )  t o  b e  a p p r o x i m a t e l y  e q u a l  t o  0 *0 1 .
* • , ’
T h e  f i n a l  p a r t i c l e  s i z e  a p p e a r s  t o  d e p e n d  o n  t h e  k i n d  o f  n u c l e a t i o n
(h o m o g e n e o u s  o r  h e t e r o g e n e o u s )  a n d  t h e  f la m e  t e m p e r a t u r e  ( 1 1 5 ) *
H o m o g en eo u s  n u c l e a t i o n  a t  h i g h  t e m p e r a t u r e s  f a v o u r s ,  l a r g e r  p a r t i c l e s
i n  t h e  f i n a l  p r o d u c t s ;  lo w e r  t e m p e r a t u r e s  ( l e s s  t h a n  3 1 0 0 ° K  f o r
a lu m in a  c o n d e n s a t io n )  a n d /o r  h e te r o g e n e o u s  n u c l e a t i o n . t e n d ‘ t o
f a v o u r  s m a l l e r  p a r t i c l e s .
-  1 4 4  -
A l t h o u g h  t h i s  v a l u e  o f  Qe x .^ i s  some o r d e r s  o f  m a g n itu d e  g r e a t e r  
t h a n  t h a t  c a l c u l a t e d  b y  P la s s  ( l o c . c i t . ) . i t  i s  n o t  c o n s id e r e d  
g r o s s l y  u n r e a s o n a b le  i n  v ie w  o f  t h e  in a d e q u a t e  b a s i s  o f  P l a s s ' s  
v a l u e .
T h e r e  i s  a  p o s s i b l e  o b j e c t i o n  t o  t h e  p y r o t e c h n i c  f la m e s
h a v in g  a n  e m i s s i v i t y  e q u a l  t o  o n e .  A l t h o u g h  m o s t o f  t h e  l i n e s
o b s e r v e d  i n  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m  a r e  l i n e s  w h o s e .
lo w e r  l e v e l s  a r e  t h e  g r o u n d - s t a t e s  o f  t h e  a to m s  c o n c e r n e d ,
t h e  Mg 3838$  l i n e  w as a l s o  o b s e r v e d  i n  a b s o r p t i o n  a n d  t h i s
3  3l i n e  a r i s e s  f r o m  a  t r a n s i t i o n  (3  P -  3 D )  w h ic h  d o e s  n o t  i n v o l v e
1 1 1  
t h e  S g r o u n d - s t a t e .  ( I n  a d d i t i o n ,  t h e  D A  -  A II a n d  t h e  
4] + ° 1
C 2  -  A" II b a n d s  s e em ed  t o  b e  i n  a b s o r p t i o n ,  b u t  a l t h o u g h
1
t h e  A II l o w e r  l e v e l  i s  n o t  t h e  g r o u n d - s t a t e  i t  i s  o n ly  
3 5 6 3  cm a b o v e  i t )  . U n le s s  t h e  3.P Mg a to m s  a r e  fo rm e d  i n  
a  r e a c t i o n  w i t h  e n t r a i n e d  a i r  ( s e e  s e c t i o n  6- 2 ) ,  i t  i s  u n l i k e l y  
t h a t  t h e  c o n c e n t r a t i o n  o f  e x c i t e d  s t a t e  a to m s  i n  t h e  c o o le r  -
o u t e r  f r i n g e s  o f  t h e : f la m e  w o u ld  b e  s u f f i c i e n t l y  h ig h  t o  
7 a b s o rb  s t r o n g l y .
I f  t h e  o x id e  p a r t i c l e  s i z e  i n  t h e  p y r o t e c h n i c  f la m e  i s .  
o f  t h e  o r d e r  o f  1 / /  t h e n  t h e  e m i s s i v i t y  w o u ld .b e  a b o u t  0 * 4  a t  
6600$  i f  t h e  f la m e  i s  o p t i c a l l y  d e n s e , s in c e  t h i s  w as t h e  m ean  
p a r t i c l e  e m i s s i v i t y  fo u n d  e x p e r i m e n t a l l y  b y  C a r l s o n  ( 5 3 )  - f o r  
; m i c r o n - s i z e d  m a g n e s ia  p a r t i c l e s  i n  t h e . . e x h a u s t . f l a m e  f r o m  a  
r o c k e t  m o to r  b u r n in g  m e t a l i s e d  p r o p e l l a n t .  A d e n s e  c lo u d  o f  
l a r g e  m a g n e s ia  p a r t i c l e s  w o u ld 'b e  e x p e c t e d  t o  h a v e  a n  
e m i s s i v i t y  w h ic h  e i t h e r  r e m a in s  c o n s t a n t  a t  w a v e le n g t h s  s h o r t e r  
t h a n  6 6 0 0 $  o r  i n c r e a s e s  s l o w l y  w i t h  d e c r e a s in g  w a v e le n g t h .  I n  
t h e  l a t t e r  case', u s in g  R o s s l e r ' s  ( 58) d i s p e r s i o n  e q u a t io n s  a s  
a  r o u g h  g u i d e ,  t h e  e m i s s i v i t y  a t  4 0 0 0 $  w o u ld  b e  a p p r o x i m a t e l y  
0 * 5 .  I t  seem s r e a s o n a b le  t o  t a k e  a  v a lu e  o f  0 * 5  a s  a  lo w e r  
b o u n d  t o  t h e  e m i s s i v i t y  o f  t h e . f i r s t  3 t o  5 cm o f  t h e  p y r o t e c h n i c ,  
f la m e s  a t  760 t o r r .
6 -4 .4 . M a g n it u d e  a n d  O r i g i n  o f  T e m p e r a tu r e  D i f f e r e n c e
A n  e s t im a t e  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e ,  T p - ' T ^ ,  may  
b e  o b t a in e d  b y  a s s u m in g  a n  o p t i c a l l y  d e n s e  p a r t i c l e  c lo u d  w i t h
a n  e m i s s i v i t y  o f  0 - 5  a t  4 0 0 0 $ .  T h e  c o n d i t i o n  t h a t  t h e  t r a n s i t i o n  
f ro m  e m is s io n  t o  a b s o r p t i o n  o c c u r s  a t  4 0 0 0 $  ( v = 7 * 5 - 1 0  H z )  i s ,  
f ro m  e q t .  ( 6- 10 ) :  -
-  2 l2 L (T ~1 -  T " 1 ) = I n  0 - 5
k  a  p  .. . .
•    ( 6 - 1 0 )
I f - T  e q u a ls  3 0 0 0 ° K , . t h e n  t h e  p a r t i c l e s  a r e  1 6 0 ° K  h o t t e r  t h a n
t h e  f la m e  g a s e s .  I f  t h e  e m i s s i v i t y  i s  0 * 9  a t  4 0 0 0 $ ,  t h e
t e m p e r a t u r e  d i f f e r e n c e  i s  o n ly  2 0 ° K .  T h e  h i g h e r  T  , t h e
g r e a t e r  i s  t h e  d i f f e r e n c e  T  -  T  .
• p  a
. *• ■ \  , • ■> . ■ • ■
T h e  u s e f u l n e s s  o f  t h e s e  e s t im a t e s  i s  o b v io u s l y  l i m i t e d
. b y  t h e  e x p o n e n t i a l  d e p e n d e n c e  o f  (T  -  T  ) o n  t h e  as su m e d
p  a
e m i s s i v i t y ,  a n d  b y  t h e  a s s u m p t io n  t h a t  h o r i z o n t a l  t e m p e r a t u r e  
g r a d i e n t s  a r e  a b s e n t ,  i n  t h e  f l a m e .  N e v e r t h e l e s s ,  a  c o m p a r is o n  
w i t h  t h e  ( m o r e - a c c u r a t e l y  d e t e r m in e d )  t e m p e r a t u r e  d i f f e r e n c e s  ■ 
r e p o r t e d  f o r  o t h e r  g a s - p a r t i c l e  s y s te m s  seem s w o r t h  m a k in g .
I n  t h e  e x h a u s t  f la m e s  f ro m  r o c k e t  m o t o r s , m i c r o n - s i z e d  • 
o x id e  p a r t i c l e s  a r e  fo u n d  ( 6 4 , 1 2 0 )  t o  b e  o f  t h e  o r d e r  o f  a  fe w  
, h u n d r e d  d e g r e e s  h o t t e r  t h a n  t h e  e x h a u s t  g a s e s .  T h e  r e a s o n  i s  
t h a t  t h e  p a r t i c l e s  h a v e  a  l o w e r . v e l o c i t y  t h a n  t h a t  o f  t h e  
r a p i d l y  e x p a n d in g  g a s e s  f ro m  t h e  n o z z l e .  T h e  e x c e s s  t e m p e r a t u r e  
o f  t h e  p a r t i c l e s  in c r e a s e s ,  w i t h  p a r t i c l e  s i z e ; ,  f o r  p a r t i c l e s  
l e s s  t h a n  0-1 p  a p p r o x i m a t e l y ,  t h e  t e m p e r a t u r e  d i f f e r e n c e  a n d  
t h e  v e l o c i t y  l a g  d is a p p e a r .  A l t h o u g h  c i n e - f i l m s  o f  p y r o t e c h n i c  
f la m e s  ( s e c t i o n  5 - 6 . 2)  h a v e  sh o w n  w h a t c o u ld  b e  a n  e x p a n s io n  
p r o c e s s  t a k i n g  p l a c e , ,  t h e  v e l o c i t y  o f  t h e  g a s e s  l e a v i n g  t h e  
s u r f a c e  o f  t h e  p y r o t e c h n i c  p e l l e t  i s  t w e n t y  t im e s  s m a l l e r  t h a n  
t h e  v e l o c i t i e s  o f  r o c k e t . e x h a u s t  g a s e s .  I t  i s  n o t  c o n s id e r e d  
l i k e l y ,  t h e r e f o r e ,  t h a t  e x p a n s io n  c o u ld  a c c o u n t  f o r  t h e  p o s s i b l e  
t e m p e r a t u r e  d i f f e r e n c e ,  i n  t h e  p y r o t e c h n i c  f l a m e s .
A g a s / p a r t i c l e  s y s te m  m o re  c l o s e l y  r e s e m b l in g  t h e  
p y r o t e c h n i c  f la m e s  i s  fo u n d  i n  t h e  w o rk  o f  B u l e w ic z ,  P a d le y  
a n d  S u g d e n  ( 1 2 1 , 1 2 2 )  who r e p o r t e d  t h a t ,  w h en  d i l u t e  s o l u t i o n s
-  1 4 5  -
o f  s a l t s  o f  t r a n s i t i o n  m e t a ls  a r e  s p r a y e d  i n t o  a .p r e m ix e d
f l a m e ,  t h e  o x id e  p a r t i c l e s  fo rm e d  i n  t h e  f la m e  h a v e  
a  t e m p e r a t u r e  some 4 0 0 ° K - h i g h e r  t h a n  t h e  g a s  t e m p e r a t u r e . - 
R a d i a t i o n  f r o m  t h e  o x id e  p a r t i c l e s ,  w h ic h  w e re  t h o u g h t  t o  b e  
a b o u t  5 0 $  d ia m e t e r ,  w as fo u n d  t o  b e  g re y b o d y  O v e r  t h e  r a n g e  
o f  v i s i b l e  w a v e le n g t h s .  T h e  e x c e s s  t e m p e r a t u r e  'was c o r r e l a t e d  
w i t h  t h e  n o n - e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  t h e  s p e c ie s  H a n d  
OH a n d  i t  w as c o n c lu d e d  t h a t  r e c o m b in a t io n  o f  t h e s e  tw o  
r a d i c a l s  o n  t h e  s u r f a c e  o f  t h e  p a r t i c l e s  h e a t s  t h e .  p a r t i c l e s .  
A l t h o u g h  t h i s  i n t e r p r e t a t i o n  h a s  b e e n  q u e s t io n e d  b y  T i s c h e r  
e t  a l .  ( 1 2 3 ) ,  f u r t h e r  w o rk  b y  B u le w ic z  a n d  P a d le y  ( 1 2 4 )  seem s  
t o  c o n f i r m  t h e  r e c o m b in a t io n  h y p o t h e s i s , a n d  t o  s u g g e s t  t h a t  
a t o m ic  r e c o m b in a t io n  o n  t h e  s u r f a c e  o f  .co nd en sed- p a r t i c l e s  i n  
a  f la m e  h a s ,  a s  a  r a t e - d e t e r m i n i n g  s t e p ,  t h e  r a t e  o f  c o l l i s i o n  
o f  t h e  a to m s  w i t h  t h e  s o l i d .  I t  i s  s p e c u la t e d  t h e r e f o r e , t h a t  
a  r e c o m b in a t io n  o f  Mg a to m s  w i t h  e i t h e r  0  o r  0 ^  c o u ld  o c c u r  
on  t h e  c o n d e n s e d  o x id e  p a r t i c l e s  i n  t h e  p y r o t e c h n i c  f l a m e s .
( S i n c e  s u c h  a  r e c o m b in a t io n  i s  b a s i c a l l y  a  c o n d e n s a t io n  r e a c t i o n ,  
t h e  p o s s i b i l i t y  o f  i t s  o c c u r r e n c e  s u p p o r t s  t h e  c o n d e n s a t io n - z o n e  
c o n c e p t  o f  s e c t i o n  6- 3 ) .
- W h a te v e r  t h e  o r i g i n  o f  t h e  d i f f e r e n c e  b e tw e e n  p a r t i c l e  
a n d  g a s  t e m p e r a t u r e ,  t h e  e x i s t e n c e  o f  s u c h  a  d i f f e r e n c e  d o e s  
n o t  im p ly  t h a t  t h e  p y r o t e c h n i c  f la m e  c o n s i s t s  o f  m e t a l  * 
p a r t i b l e s ,  e a c h  s u r r o u n d e d  b y  i t s  own d i f f u s i o n  f l a m e .  I t  i s  
t r u e . t h a t  t h e  o x id e  i n  t h e  i n d i v i d u a l  d i f f u s i o n  f la m e s  w o u ld  
b e  h o t t e r ,  o n  a v e r a g e ,  t h a n  t h e  m e t a l  e v a p o r a t i n g  f r o m  e a c h  
b u r n in g  m e t a l  p a r t i c l e .  H o w e v e r ,  i n  t h e  p r e s e n t  c a s e  l i n e s  
f ro m  a to m s  o t h e r  t h a n  Mg w e re  o b s e r v e d  i n  a b s o r p t i o n :  f o r  
e x a m p le ,  l i n e s  o f  B a , f ro m  t h e  n i t r a t e , ,  a n d  o f  N a ,  a n  i m p u r i t y  
i n  t h e - n i t r a t e  r a t h e r  t h a n  i n  t h e  m e t a l  f u e l  ( t a b l e s  5 -1  t o  5 - 7 ) .  
I n  a  d e n s e  c l o u d ' o f  b u r n in g  p a r t i c l e s  i t  i s  d i f f i c u l t  t o  s e e  
w hy t h e s e  a to m s  s h o u ld  b e  a t  a  lo w e r  a v e r a g e  t e m p e r a t u r e  t h a n  
t h e  o x id e  p a r t i c l e s .
C o m p a r is o n  w i t h  o t h e r  W o rk
A p a r t  f r o m  a  p a s s in g  r e f e r e n c e  b y  B a r r o w  a n d  C r a w fo r d *  ( 2 3 )  
t o  t h e  e f f e c t  t h a t  MgO/M gOH b a n d s  i n  t h e  r a n g e  3 8 5 0 - 3 6 0 0 $  h a d ' b e e n
-  1 4 7  -
o b s e r v e d  i n  a b s o r p t i o n  i n  t h e  s p e c t r a  f ro m  p y r o t e c h n i c  f l a m e s ,  
t h e  a b s o r p t i o n  p h e n o m e n o n  r e p o r t e d  i n  t h e  p r e s e n t  w o r k  h a s  n o t  
b e e n  r e p o r t e d  p r e v i o u s l y  f o r  p y r o t e c h n i c  f l a m e s .  T h i s  i s  sy.v*'
p r o b a b ly  d u e  t o  t h e  f a c t  t h a t ,  m o s t o f  t h e  p u b l is h e d  w o rk  o n  
p y r o t e c h n i c  f la m e s  h a s  b e e n  c o n c e r n e d  w i t h  t h e  i n f r a r e d  a n d  
v i s i b l e  r a d i a t i o n  e m i t t e d  b y  t h e  e n t i r e  f la m e  a r e a  ( s e c t i o n  1 - 1 . 6 ) .  
H o w e v e r ,  C l a r k e ’ s  o b s e r v a t i o n s  o n  t h e  M g /B a (N 0 3 ) 2  f la m e  s p e c t r u m  ( 1 7 )  
e x te n d e d  t o  w a v e le n g t h s  a t  l e a s t  a s  s h o r t  a s  2850$  a n d . h i s  
a p p a r a t u s  w as s u c h  t h a t  o n ly  a  s m a l l  a r e a  o f  t h e  f la m e  w as  
v ie w e d .  T h e  p e l l e t  s i z e  a n d  t h e  p u r i t y  o f  f u e l  a n d  o x i d a n t  
w e re  t h e  sam e i n  C l a r k e ’ s  w o rk  a s  i n  t h e  p r e s e n t  w o r k .  T h e  
m e t a l  f u e l  u s e d  b y  C l a r k e  w as b lo w n  m a g n e s iu m  o f  a  so m e w h a t .
h i g h e r  a v e r a g e  p a r t i c l e  s i z e  ( 7 6 p )  t h a n  t h a t  o f  t h e  c u t  
m a g n e s iu m  u s e d  i n  t h i s  w o r k .  A s  a  r e s u l t ,  t h e  m ass b u r n i n g -  
r a t e  o f  C l a r k e ’ s s t o i c h i o m e t r i c  c o m p o s i t io n  w as a b o u t  s i x  y - - '
t im e s  lo w e r  t h a n  t h e  M g /B a (N 0 3 ) 2  s t o i c h i o m e t r i c  c o m p o s i t io n  
u s e d  h e r e  a n d  t h i s  c o u ld  e x p l a i n  t h e  a b s e n c e  o f  t h e  a b s o r p t i o n  
p h e n o m e n o n  i n  C l a r k e ' s  s p e c t r a .  On t h e  o t h e r  h a n d ,  C l a r k e ’ s  y /  
f u e l - r i c h  ( 5 0  p e r  c e n t . m a g n e s iu m ) c o m p o s i t io n s  h a d  h i g h e r  
b u r n i n g - r a t e s  t h a n  t h e  p r e s e n t  s t o i c h i o m e t r i c  c o m p o s i t io n s  
a n d  t h e  a p p a r e n t  a b s e n c e  o f  t h e  a b s o r p t i o n  p h e n o m e n o n  i n  
t h e s e  f la m e s  i s  s u r p r i s i n g .  ■
A n . e f f e c t  s i m i l a r  t o  t h a t  r e p o r t e d  h e r e  h a s  b e e n  , 
o b s e r v e d  i n  a  c a r b o n  p . a r t i c l e - m e t a l  a to m  s y s te m  b y  C h 'e n  e t  a l .  ( 1 2 5 ) - ' - '  
C o i n c i d e n t a l l y ,  t h e y  o b s e r v e d  a  t r a n s i t i o n  w a v e le n g t h  a t  4 0 0 0 $  
f o r  t h e  c h a n g e  f r o m  e m is s io n  o f  m e t a l  a to m  l i n e s  a g a i n s t  t h e  
c a r b o n  p a r t i c l e  c o n t in u u m  t o  a b s o r p t i o n  o f  t h e  l i n e s  a g a i n s t  
t h e  c o n t in u u m . .T h e y  a t t r i b u t e d  t h e  o c c u r r e n c e  o f  t h i s  
p h e n o m e n o n  t o  a  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  c a r b o n . p a r t i c l e s  
a n d  m e t a l  a to m s . I n  g e n e r a l , - " c a r b o n  p a r t i c l e  c lo u d s ,  h a v e  h i g h e r  
e m i s s i v i t i e s  t h a n  c lo u d s  o f  e q u i v a l e n t  MgO p a r t i c l e s ,  a n d  i t  i s  
o f  i n t e r e s t  t o  n o t e  h e r e  t h a t  t h e  c a rb o n  p a r t i c l e  c o n c e n t r a t i o n  
i n  b o t h  t h e .  r e a c t i o n - z o n e  a n d  t h e  b u r n t  g a s  z o n e  o f  M g /P T F E  
f la m e s  a t .  760 t o r r  i s  s u f f i c i e n t l y  h ig h  a t  w a v e le n g t h s  i n  t h e  . 
v i s i b l e  r e g i o n  f o r  t h e  N a  D - l i n e s  t o  o c c u r  i n  a b s o r p t i o n  ( s e e  
s e c t i o n s  7 - 2 . 1  a n d  1 0 - 2 ) . -  y .  ..
-  1 4 8  -
B r z u s t o w s k i  a n d  G la s s m a n  ( 85) i n  t h e i r  s p e c t r o s c o p ic  
s t u d y  o f  m a g n e s iu m  r ib b o n s  b u r n in g  i n  o x y g e n /a r g o n  a tm o s p h e r e s ,  
fo u n d  t h a t  t h e  g r e e n  MgO b a n d s , t h e  "M gO" b a n d s  3 8 5 0 - 3 6 0 0 $ , -  
t h e  Mg t r i p l e t s  a t  5 1 8 4  a n d  3838$  a n d  t h e  Mg r e s o n a n c e  l i n e  
a t  2852$  a r e  i n  a b s o r p t i o n  a g a i n s t  a  c o n t in u u m  i n  t h e  s p e c t r a  
o f  r ib b o n s  b u r n in g  u n d e r  c o n d i t i o n s  o f  h ig h  o x y g e n  m o le  
f r a c t i o n s ,  Xc>2 ’ a n d  h ig h  t o t a l  p r e s s u r e s .  (T h e  m axim um  
t o t a l  p r e s s u r e  w as  4 5 0  P s i A ) . A t  so m ew hat lo w e r  v a l u e s  o f  
e i t h e r  o r  t o t a l  p r e s s u r e ,  t h e  MgO g r e e n  b a n d s  a n d  t h e  
Mg 5 1 8 4 $  t r i p l e t  a r e  . i n  e m is s io n ,  b u t  t h e  o t h e r  f e a t u r e s  
m e n t io n e d  a r e  i n  a b s o r p t i o n ;  a t  s t i l l  l o w e r  X q ^  o r  lo w e r  
t o t a l  p r e s s u r e ,  t h e  nMgOM n e a r  u l t r a v i o l e t  b a n d s  a n d  t h e  
Mg 3838$  t r i p l e t  a r e  a l s o  i n  e m is s io n ,  b u t  t h e  r e s o n a n c e  
l i n e  a t  2852$ . i s  s t i l l  i n  a b s o r p t i o n .  E v e n t u a l l y ,  a t  lo w  
p r e s s u r e s ,  t h e  2852$  l i n e  i s  i n  e m is s io n .  B r z u s t o w s k i  a n d  
G la s s m a n  a t t r i b u t e d  t h e  c h a n g e  o f ' a b s o r p t i o n  f e a t u r e s  w i t h  
p r e s s u r e  t o  a  d i f f e r e n c e  i n  t h e  t y p e  o f  r e a c t i o n  o c c u r r i n g :  
w h en  a l l  t h e  f e a t u r e s  a r e  i n  a b s o r p t i o n ,  t h e y  p o s t u l a t e d , t h a t  
t h e  r e a c t i o n  t a k e s  p la c e  o n  t h e  s u r f a c e  o f  t h e  b u r n in g  r i b b o n  . 
a n d  t h e  s p e c ie s  e v a p o r a t i n g  fro m  t h e  r i b b o n  a r e  i n  a b s o r p t i o n  
a g a i n s t  t h e  h o t t e r  r i b b o n ;  w i t h  l e s s  o x y g e n  a v a i l a b l e  u n r e a c t e d  
m a g n e s iu m  e v a p o r a t e s  f r o m  t h e  r i b b o n  a n d  r e a c t s  i n  t h e  g a s -  • 
p h a s e  p r o d u c in g  Mg 3S a n d  MgO B  ^ 2  +  w h ic h  e m it  t h e  5 1 .84$  
l i n e  a n d  t h e  g r e e n  b a n d s .  B r z u s t o w s k i  a n d  G la s s m a n  i g n o r e d  
t h e  d e p e n d e n c e , o n  w a v e le n g t h  a n d  c o n c e n t r a t i o n ,  o f  t h e  
e m i s s i v i t y  o f  a  c lo u d  o f  o x id e  p a r t i c l e s  a n d  i t  seem s t o .  t h e  
p r e s e n t  a u t h o r  t h a t  t h is - d e p e n d e n c e  m ig h t  p r o v i d e  a  s i m p l e r  . 
e x p l a n a t i o n  o f  t h e  a b s o r p t i o n  e f f e c t s  t h e y  o b s e r v e d .
S um m ary \ ’
T h i s  c h a p t e r  h a s  d is c u s s e d  t h e  o c c u r r e n c e  o f  a  c r i t i c a l  
w a v e le n g t h  a t  4 0 0 0 $  i n  t h e  s p e c t r a  f ro m  t h e  f i r s t  3cm o f  t h e  
f la m e  a b o v e  p e l l e t s  o f  M g /M (N 0^)2 c o m p o s i t io n s  b u r n in g  a t  
760 t o r r .  I n  t h e s e  s p e c t r a  d i s c r e t e  f e a t u r e s  o f  w a v e le n g t h  
s h o r t e r  t h a n  t h e  c r i t i c a l  w a v e le n g t h  a r e  p r e s e n t  o n ly  i n  
a b s o r p t i o n  a g a i n s t  a  s p e c t r a l  c o n t in u u m  e m i t t e d  b y  t h e  f l a m e :  
a t  l o n g e r  w a v e le n g t h s  l i n e s  a n d  b a n d s  a r e  i n  e m is s io n  s u p e r im p o s e d  
o n  t h e  c o n t in u u m . ;■ ,
-  149 -
T h e  f la m e  c o n t in u u m  i s  e m i t t e d  a t  l e a s t  i n  p a r t  by- 
l i q u i d  o r  s o l i d  m a g n e s iu m  o x id e  p a r t i c l e s ,  s in c e  c o n d e n s e d  
o x id e  i s  p r e s e n t  e v e n  a t  t h e  a d i a b a t i c  f la m e  t e m p e r a t u r e .
I t  i s  n o t  c l e a r  f r o m  t h e  p r e s e n t  w o rk  i f  t h e  r e a c t i o n -  
z o n e  o f  t h e  f la m e  e x t e n d s  t o  3cm a b o v e  t h e  s u r f a c e  o f  t h e  
b u r n in g  p e l l e t ,  b u t  i t  w as  a r g u e d  t h a t  t h i s  p o s s i b i l i t y  ; , . .
c a n n o t  b e  e n t i r e l y  d is m is s e d .
H o w e v e r ,  e v e n  i f  t h e  f i r s t  3cm o f  t h e  f la m e ,  i s  t h e  
r e a c t i o n - z o n e  o r  some o t h e r  u n e q u i l i b r a t e d  r e g i o n  s u c h  a s  a  
c o n d e n s a t io n  z o n e ,  i t  w as t h o u g h t  im p r o b a b le  t h a t  a  r a t e  
p r o c e s s  l i k e  a s s o c i a t i o n  o r  d e i o n i s a t i o n  i s  r e s p o n s i b l e  
f o r  t h e  i n c r e a s e  i n  c o n t in u u m  i n t e n s i t y  r e l a t i v e  t o  l i n e  
a n d  b a n d  i n t e n s i t y  a t  w a v e le n g t h s  b e lo w  4 0 0 0 $ .
On t h e  o t h e r  h a n d ,  t h e  w a v e le n g t h  d e p e n d e n c e  o f  t h e  
e m i s s i v i t y  o f  t h e  o x id e  p a r t i c l e  c lo u d  c a n  r e a d i l y  e x p l a i n  
t h e  e x i s t e n c e  o f  a  c r i t i c a l  w a v e le n g t h  a n d  i t s  s h i f t  t o  
s h o r t e r  w a v e le n g t h s  i n  t h e  s p e c t r a  f ro m  f la m e s  a t  a m b ie n t  
p r e s s u r e s  l o w e r  t h a n  300 t o r r : -
E i t h e r  t h e  e m i s s i v i t y  o f  t h e  p a r t i c l e  c lo u d  i n c r e a s e s  
f r o m  r e d  t o  b l u e  a n d  b e c o m e s  e q u a l  t o  o n e  a t  4 0 0 0 $ .  I f  t h e  
a to m s  a n d  t h e  o x id e  i n  t h e  f la m e  a r e  a t  t h e  sam e t.e m p e r’a t u r e , 
t h e  a b s o r b in g  a to m s  a n d  m o le c u le s  a r e  p r e s e n t  i n  t h e  c o o l e r  
o u t e r  f r i n g e s  o f  t h e  f l a m e .  T h e  a b s o r b e r s  i n c l u d e  e x c i t e d  
3P  Mg a to m s . . •.
O r , . i f  t h e  e m i s s i v i t y  o f  t h e  o x id e  c lo u d  i s  l e s s  t h a n ,  
o n e  a t  4 0 0 0 $ ,  t h e  g a s  t e m p e r a t u r e  i s  lo w e r  t h a n  t h e  p a r t i c l e  
t e m p e r a t u r e .  I n  t h i s  c a s e ,  t h e  a b s o r b e r s  c o u ld  b e  p r e s e n t  i n  
t h e  i n t e r i o r  o f  t h e  f l a m e .
A s s u m in g  a n  e m i s s i v i t y  o f  0 - 5  a t  4 0 0 0 $  and. a n  o p t i c a l l y  . 
d e n s e  c l o u d ,  t h e  d i f f e r e n c e  i n  g a s  a n d  p a r t i c l e  t e m p e r a t u r e s  i n  
t h e  f la m e  w as e s t im a t e d  t o  b e  1 60° K .
T h e  o r i g i n  o f  a  t e m p e r a t u r e  d i f f e r e n c e  o f  t h i s  m a g n itu d e  
w as d is c u s s e d  i n  t h e  l i g h t  o f  c u r r e n t  l i t e r a t u r e  o n  s i m i l a r  ■ 
p h e n o m e n a .. I t  w as s p e c u la t e d  t h a t  r e a c t i o n  o n  t h e  s u r f a c e  o f  t h e
-  150 -
o x id e  p a r t i c l e s  m ig h t  b e  r e s p o n s ib le  f o r  s u p e r h e a t i n g  t h e  ' 
p a r t i c l e s .
S u g g e s t io n s  f o r  F u t u r e  W o rk
T o  c o n f i r m  t h e  i d e a s  e x p r e s s e d  i n  t h i s  c h a p t e r ,  t h e  
f o l l o w i n g  p r o c e d u r e  i s  re c o m m e n d e d : . /'■ '
( a )  M e a s u re m e n t o f  t h e  r e l a t i v e  i n t e n s i t y  e m i t t e d ,  
a t  w a v e le n g t h s  s h o r t e r  t h a n  4 0 0 0 $ ,  b y  t h e  b a s e  
o f  f la m e s  a t  a m b ie n t  p r e s s u r e s  n e a r  760 t o r r ;
( b )  M e a s u re m e n t o f  b o t h  t h e  g a s  a n d  t h e  p a r t i c l e  
t e m p e r a t u r e s .  - /  ■ •
M e a s u re m e n t ( a )  i s  c o m p a r a t i v e ly  e a s y  s i n c e  t h e  a t t e n u a t i o n  
c a u s e d  b y  c o ld  sm oke b e tw e e n  f la m e  a n d  m e a s u r in g  in s t r u m e n t  
n e e d  o n l y  b e  kn o w n  r e l a t i v e l y  a t  d i f f e r e n t  w a v e le n g t h s  a n d  
c o u ld  b e  m e a s u re d  i n  a  s u b s i d i a r y  e x p e r im e n t .  C o m p a r is o n  o f  3 ,  
t h e  f l a m e ' s  r e l a t i v e  s p e c t r a l  i n t e n s i t y  i n  t h e  n e a r  u l t r a v i o l e t  
w i t h  g r e y b o d y  c u r v e s  f o r  v a r i o u s  t e m p e r a t u r e s  n e a r  3000°K  w i l l  
show  i f  t h e  b a s e  o f  t h e  f la m e  e m it s  a s  a  g r e y b o d y .  (T h e  
d is c u s s io n  i n  s e c t i o n  6 - 4 . 3  s u g g e s ts  t h a t  t h e . e m i s s i v i t y ' o f  
t h e  f la m e  w i l l  c h a n g e  v e r y  s l o w l y  w i t h  w a v e le n g t h  i n  t h e  n e a r  
u l t r a v i o l e t  so  t h a t  g r e y b o d y  b e h a v io u r  c a n  b e  e x p e c t e d )  . I f  /  -■ 
t h e  g r e y b o d y . t e m p e r a t u r e  h a s  b e e n  fo u n d ,  a n  a b s o l u t e  m e a s u re m e n t' 
o f  t h e  f l a m e ' s  i n t e n s i t y  i n  o ne w a v e b a n d  i n  t h e  n e a r  u l t r a v i o l e t  
w i l l  g iv e  t h e , p a r t i c l e  t e m p e r a t u r e  a n d  e m i s s i v i t y .  K n o w in g  t h e  
p a r t i c l e  t e m p e r a t u r e ,  t h e  e m i s s i v i t y  a t  a n y  v i s i b l e  w a v e le n g t h  . 
c a n  b e  fo u n d  i f - t h e  i n t e n s i t y  e m i t t e d  b y  t h e  f la m e  a t  t h a t  . 
w a v e le n g t h  c a n  b e  m e a s u re d  a b s o l u t e l y .
I f  i t  i s  fo u n d  t h a t  t h e  f la m e  d e v i a t e s  c o n s i d e r a b l y  
f ro m  g r e y b o d y  b e h a v io u r  i n  t h e  n e a r  u l t r a v i o l e t ,  t h e n  t h e  u s e /  •• 
o f  a  p e l l e t  o f  l a r g e r  d ia m e t e r  m ig h t  b e  c o n s id e r e d .  I n . a n y  
c a s e ,  a  f la m e  o f  l a r g e r  d ia m e t e r  w o u ld  b e  l e s s  a f f e c t e d  b y  
t h e  h o r i z o n t a l  t e m p e r a t u r e  g r a d i e n t s - w h i c h  f u r t h e r  c o m p l ic a t e  
m e a s u re m e n ts  o n  t h i n n e r  f l a m e s .  ( S t u d y in g  t h e  v a r i a t i o n  o f  
t h e  e m is s i o n - a b s o r p t i o n  t r a n s i t i o n  w a v e le n g t h  w i t h  p e l l e t  
d ia m e t e r  w o u ld  a l s o  b e  a  u s e f u l  c o n f i r m a t i o n  o f  t h e  h y p o t h e s i s ) .
' /  .! . I f -  t h e  f la m e  d o e s  n o t  e m it  in .: t h e  n e a r  u l t r a v i o l e t  a s  /
• a  b la c k b o d y ,  t h e n  m e a s u re m e n t ( b )  i s  a l s o  n e c e s s a r y . ;  C b m p a r is o r i /  - ;  
o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  tw o  ( v i s i b l e )  s p e c t r a l  l i n e s , '  - O r / / / ,  
o f  l i n e s  w i t h i n  a  b a n d , seem s t h e  b e s t  w ay o f  d e t e r m in in g  t h e  ••
g a s  t e m p e r a t u r e . .  T o  c a l c u l a t e  t h e  g a s  t e m p e r a t u r e  f r o m  s u c h  7  
m e a s u re m e n ts  i t  i s  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  t h e  u n d e r l y i n g  3; v
p a r t i c l e  c o n t in u u m  i n t e n s i t y  -  e q t s .  ( A T - 1 0 ,  A 1 - 1 1 ,  a n d  A 1 - 1 7 )  
f o r  -an- o p t i c a l l y  t h i c k  c lo u d  -  a n d  t o  do t h i s  t h e  p a r t i c l e 3 7 7 -7 3 ;;■ 
e x t i n c t i o n  c o e f f i c i e n t  K r , ( a s  w e l l - a s  t h e  p a r t i c l e  e m i s s i v i t y  / - - .
a n d  t e m p e r a t u r e )  m u s t b e  k n o w n . / I t  s h o u ld  b e  p o s s i b l e  to ..-- 
m e a s u re  K r  a t  d i f f e r e n t . w a v e l e n g t h s  w i t h  a n  a r g o n  o r  k r y p t o n  . '7 : = . 
l a s e r .  7  ;  '"7 . - !/  7 " ’ 7 3 / . .
-  1 5 2  -
T a b l e  6 - 1 ( a )  H e a t s  o f  R e a c t i o n  a t  2 9 8 ° K
R e a c t io n A H ° 2 9 g k c a l
5Mg +  C a ( N 0 ->2 — 5MgO +  CaO +  N 2 (g? 1 a tm ) - 6 4 5  * 6
5M g +  C a (N 0 3) 2 . 2H 2 0  5MgO +  CaO +  N 2 (g? 1 a tm ) +  2H 20 ( 1 ) - 638*5
5Mg +  S r ( N O 9) 2 — 5MgO +' S r O  +  N 2 (g» 1 a tm ) - 626*4
5Mg +  B a (N O  " )2 ------ s- 5MgO +  BaO +  N 2 ( g , 1 a tm ). - 6 1 4 * 8
g  =  g a s ;  ■ 1  =  l i q u i d ;  o t h e r w is e  s o l i d  
.S o u r c e s :  S c h ic k  ( 1 1 1 )  a n d  H a n d b o o k  o f  P h y s ic s  a n d  C h e m is t r y  ( 1 1 2 )
T a b le  6 - 1 ( b ) .  E n t h a lp y ,  o f  P r o d u c t s  o f  t h e  R e a c t io n  
5Mg +  S r ( N 0 J 2 — 5MgO +  S r O  +
P r o d u c t s
T e m p e r a tu r e
° K
~ ^ 298^
p r o d u c t s
5MgO ( s ) +  S r O ( l )  +  N 2 (g »  1 a tm ) 2800 226*2 k c a l
11 !t tt 3000 2 4 4 * 5
5MgO ( 1 ) +  S r O ( l )  +  N 2 ( g ,  1 a tm ) 3200 3 5 6 * 0
ti ti it 3 4 0 0 3 7 5 - 8
it tt it 3600 395.6
ti tt tt 3800. ( ( IV *  '(
it tt tt 4 o o o k-35-2
S o u r c e :  S c h ic k  ( 1 1 1 )
-  1 5 3  -
T a b le  6 - 2 .  L i t e r a t u r e  V a lu e s  o f  t h e  B o i l i n g  P o i n t s  o f
- A l k a l i n e - e a r t h  O x id e s
S o u r c e
S p e c ie s
B r e w e r ( a ) J a n a f ( b ) S c h i c k ( c ) Y u d i n ( d )
. 4 7 t h  H a n d -  
b o o k ( e )
MgO 3 9 0 0 ° K ( 3 5 3 3 ° K ) 3110 °K 3 2 8 0 ° K 3 9 0 0 ° K
CaO 3 9 0 0 ° K 3 8 9 0 ° K 3 7 6 0 ° K 3 1 2 3 ° K
S rO 4 5 0 0 ° K c a .  3 3 0 0 ° K
BaO c a .  2 3 0 0 ° K
( a )  R e f .  ( 1 1 3 )  E x p e r i m e n t a l  v a lu e s .
( b )  R e f . 4 ( 1 1 4 )  C a l c u l a t e d  t e m p e r a t u r e  a t  w h i c h . f r e e -
e n e r g y  c h a n g e  f o r  t h e  r e a c t i o n  
M g O ( l )  — ► M g O (g ) e q u a ls  z e r o
( c )  R e f .  ( 1 1 1 )  C a l c u l a t e d , t e m p e r a t u r e  a t  w h ic h  t h e  sum
o f  t h e  p a r t i a l  p r e s s u r e s  o f  a l l  v a p o r i s i n g  
s p e c ie s  e q u a ls  1 a tm o s p h e r e  (a s s u m in g  t h e  
e q u i l i b r i u m  b e tw e e n  0 a n d  0^ )
: (d )  R e f .  ( 1 8 )  C a l c u l a t e d  t e m p e r a t u r e ,  a s  f o r  ( c )  a b o v e
( e )  R e f .  ( 1 1 2 )
-  1 5 4  -
FIG. 6-1. M O D E L S  O F  M g / M ( N 0 3)2 FLAMES:
(a )  NARROW R E A C T IO N -Z O N E  MODEL >
(b )  E X T EN D E D  R E A C T I O N -Z O N E  MODEL
M g / P T F E  C O M P O S IT IO N S :  F L A M E  S T R U C T U R E  AN D  S P E C T R A
V a r i a t i o n  o f  F la m e  S t r u c t u r e  a n d  S p e c tru m  w i t h  A m b ie n t  P r e s s u r e
T h e  f la m e s  a b o v e  M g /P T F E  p e l l e t s  h a d  d e f i n i t e  s t r u c t u r e s  
w h ic h  d e p e n d e d  o n  t h e  a m b ie n t  p r e s s u r e  ( f i g .  7-1  a n d  p l a t e  7 - 1 ) -  • 
P h o t o g r a p h i c a l l y  a n d  v i s u a l l y ,  a  r e g i o n  o f  i n t e n s e  e m is s io n  w as  
o b s e r v e d  i m m e d ia t e ly  a b o v e  t h e  b u r n in g  p e l l e t ;  i t  e x p a n d e d  a n d  
m o ved  a w a y  f r o m  t h e  s u r f a c e  o f  t h e  p e l l e t  a s  t h e  a m b ie n t  p r e s s u r e  
o f  c o m b u s t io n  w as  r e d u c e d .  S p e c t r o s c o p ic  o b s e r v a t i o n  sh o w ed  
t h a t  t h i s  " r e a c t i o n - z o n e "  ( R )  h a d  a  c h a r a c t e r i s t i c  s p e c t r u m :  
a t  t h e  h i g h e r  a m b ie n t  p r e s s u r e s  ( s t r u c t u r e  I  i n  f i g .  7 - 1 )  i t  
e m i t t e d  a  s t r o n g  c o n t in u u m  a g a i n s t  w h ic h  d i s c r e t e  f e a t u r e s  w e re  
o b s e r v e d  o n l y  i n  a b s o r p t i o n ;  a t  r e d u c e d  p r e s s u r e s  ( s t r u c t u r e s  I I  
a n d  I I I ) ,  a  l e s s  i n t e n s e  c o n t in u u m  w as e m i t t e d  w i t h  s u p e r im p o s e d  
l i n e s  a n d  b a n d s ;  i n  p a r t i c u l a r ,  e m is s io n  o f  t h e  S w an  b a n d s  
w as  c h a r a c t e r i s t i c  o f  t h i s  z o n e  i n  s t r u c t u r e s  I I  a n d  I I I .
T h e  w h o le  f la m e  le n g t h e n e d  a s  t h e  a m b ie n t  p r e s s u r e  w as  
re d u c e d  -  f ro m ' a b o u t  5 cm i n  h e i g h t  a t  7^0 t o r r  t o  a b o u t  50cm 
a t -2 0  t o r r .  T h e  " p o s t - r e a c t i o n - z o n e "  . '(P )  e m i t t e d  a  s p e c t r a l  
c o n t in u u m  ( w i t h  d i s c r e t e  f e a t u r e s  i n  a b s o r p t i o n )  i n '  t h e  c a s e  
o f  s t r u c t u r e  I ;  d i s c r e t e  e m is s io n s  a s  w e l l  a s  c o n t in u u m  
r a d i a t i o n  cam e f r o m  t h i s  z o n e  i n  s t r u c t u r e s  I I  a n d  I I I .  B o th  
t h e  s h a p e  a n d  t h e  s p e c t r u m  o f  t h e  " p o s t - r e a c t i o n - z o n e "  w e re  
i n f l u e n c e d  b y  t h e  p r e s e n c e  o f  o x y g e n  i n  t h e . a m b i e n t  a t m o s p h e r e '  
a t  a l l  a m b ie n t  p r e s s u r e s .
T h e  d r a w in g s  o f  f i g .  7 - 1  a r e  i d e a l i s e d  s h a p e s .  U n l i k e  
s t e a d y  p r e m ix e d ,  g a s  f l a m e s ,  t h e  M g /P T F E  f la m e s  sh o w e d  c o n s i d e r a b l e  
f l u c t u a t i o n s  i n ’ s h a p e .  F o r  e x a m p le ,  t h e  c o n i c a l  " p o s t - r e a c t i o n - z o n e  
i n  I  m oved  i r r e g u l a r l y  a n d  w as . o f t e n  a  t r u n c a t e d  c o n e ;  s i m i l a r l y  
t h e  r e a c t i o n - z o n e  i n  I I I  e x p a n d e d  a n d  c o n t r a c t e d .
D e t a i l s  o f  F la m e  S t r u c t u r e
7 - 2 . 1 .  T h e  R e a c t io n - Z o n e
I n  s t r u c t u r e  I ,  z o n e  R w as a b o u t  t e n  t im e s  m o re  i n t e n s e  
t h a n  z o n e  P .  . T h e  c o n t in u u m  r a d i a t i o n  i t  e m i t t e d  w as o b s e r v e d  
i n  t h e  v i s i b l e  r e g i o n  a n d  i n  t h e  u l t r a v i o l e t  t o  2 8 0 0 $ .  I n
-  156 -
a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m  t h e  f o l l o w i n g  f e a t u r e s  w e re  
o b s e r v e d :
t h e  Mg 2852$  r e s o n a n c e  l i n e ;  t h e  1 , 0  a n d  0 , 0  h e a d s
o f  MgF a t  3 5 0 3  a n d  3 5 9 4 $ ;  i m p u r i t y  l i n e s  o f  C r  a t
4 2 5 4 ,  4 2 7 5  a n d  4 2 9 0 $  a n d  o f  N a  a t  5890 a n d  5896$ .
O c c a s i o n a l l y ,  o n  s h o r t e r  e x p o s u r e s ,  t h e  Mg 4 5 7 1 $
' 1 3
i n t e r c o m b i n a t i o n  l i n e  (3 -  3 P / | )  c o u ld  b e  s e e n
i n  a b s o r p t i o n .
I n  s t r u c t u r e s  I I  a n d  I I I ,  z o n e  R w as a  b r i g h t  w h i t e  
a n d  t h e  r e s t  o f  t h e  f la m e  w as r e d - y e l l o w .  H o w e v e r ,  t h e  
r a d i a n c e  o f  z o n e  R a t  2 0  t o r r  w as l e s s  t h a n  t h e  r a d i a n c e  
a t  760 t o r r  b y  a  f a c t o r  o f  a t  l e a s t  f i v e .  ( T h i s  w as
e s t im a t e d  f r o m  t h e  e x p o s u r e  r e q u i r e d  f o r  r e a s o n a b le  d e n s i t y  
o n  s p e c t r o g r a p h ic  p l a t e  o r  c i n e - f i l m ) . D i s c r e t e  e m is s io n s  
s u p e r im p o s e d  o n  t h e  c o n t in u u m  b e g a n  t o  a p p e a r  a t  a m b ie n t  
p r e s s u r e s  o f  a b o u t  2 0 0  t o r r .  W i t h  d e c r e a s in g  p r e s s u r e  t h e  
l i n e / c o n t i n u u m  i n t e n s i t y  r a t i o  in c r e a s e d  so  t h a t  a t  ,20 t o r r  
t h e  d i s c r e t e  e m is s io n s  d o m in a te d  t h e  s p e c t r u m ,  e s p e c i a l l y  i n  
t h e  u l t r a v i o l e t  ( p l a t e  7 - 2 ) .
T h e  C 2 S w an  b a n d s  i n  t h e  v i s i b l e  r e g i o n  c h a r a c t e r i s e d  
t h e  r e a c t i o n - z o n e  i n  I I  a n d  I I I .  T h e  Sw an b a n d s  w e re  m o s t  
d e v e lo p e d  i n  t h e  62% m a g n e s iu m  c o m p o s i t io n  b u r n in g  a t  t h e  
• l o w e s t  p r e s s u r e s ,  p r o b a b l y  b e c a u s e  t h e  c o n t in u u m  i n t e n s i t y  
d e c r e a s e d  w i t h  d e c r e a s in g  p r o p o r t i o n  o f  c a r b o n  i n  t h e  p e l l e t .
■ T h a t  t h e s e  b a n d s  a r o s e  f r o m  t h e  p e l l e t  m a t e r i a l ,  a n d  n o t  f ro m  
t h e  c a r d b o a r d  o r  " s e l l o t a p e "  c a s i n g ,  w as c h e c k e d  b y  o b s e r v in g  
t h e  s p e c t r u m  d u r in g  c o m b u s t io n  o f  a n  u n c a s e d  p e l l e t .
P l a t e s  7 - 2  a n d  7 - 3  show  t h e  m o s t p r o m in e n t  f e a t u r e s  
o b s e r v e d  i n  e m is s io n .  T h e  n a t u r e  o f  t h e  a m b ie n t  p r e s s u r e  
d id  n o t  a f f e c t  t h e  ( q u a l i t a t i v e )  s p e c tru m  o f  t h e  r e a c t i o n - z o n e .
T h e  d i s t a n c e  f r o m  t h e  p e l l e t  s u r f a c e  t o  t h e  b e g in n in g  
o f  z o n e  R , a n d  t h e  h e i g h t  o f  z o n e  R a r e  p l o t t e d  a g a i n s t , a m b ie n t  
p r e s s u r e  i n  f i g .  7 - 2  a n d  f i g .  7 - 3 *  T h e s e  d is t a n c e s  w e re
-  1 5 7  -
m e a s u re d  o n  t h e  c i n e - f i l m s  u s in g  t h e  d ia m e t e r  o f  t h e  b u r n in g  
p e l l e t  a s  a  l e n g t h  s t a n d a r d .  B e c a u s e  t h e  b o u n d a r ie s  o f  z o n e  R 
w e re  n o t  c l e a r l y  d e f i n e d  o n  a n y  o ne c i n e - f r a m e  a n d  b e c a u s e  t h e  
s h a p e ' c h a n g e d  f r o m  f r a m e  t o  f r a m e ,  t h e  d is t a n c e s  m ay b e  i n  
e r r o r  b y  a s  m uch a s  ± 5 0 $ .  T h e  g e n e r a l  t r e n d  w i t h  p r e s s u r e ,  
h o w e v e r ,  i s  c l e a r .
7 - 2 . 2 .  T h e  S u r f a c e  o f  t h e  B u r n in g  P e l l e t
A t  lo w  a m b ie n t  p r e s s u r e s  w hen  t h e  f la m e .w a s  l i f t e d  
f ro m  t h e  s u r f a c e  o f  t h e  b u r n in g  p e l l e t ,  a  s t r e a m  o f  r e d - h o t  . 
p a r t i c l e s  c o u ld  b e  s e e n  e m a n a t in g  fro m  t h e  s u r f a c e .  S o m e, 
b u t  n o t  a l l ,  o f  t h e s e  p a r t i c l e s  e n t e r e d  t h e  f l a m e .  T h e  
s u r f a c e  i t s e l f  c o u ld  b e  o b s e r v e d  a t  t h e  lo w e s t  p r e s s u r e s :  
i t  w as c o v e r e d  w i t h  p in - h e a d s  o f  l i g h t  w h ic h  w e r e  e j e c t e d ,  
t h u s  g i v i n g  t h e  im p r e s s io n  t h a t  t h e  s u r f a c e  w as  " b o i l i n g " .
P l a t e  7 - 4 ,  f ro m  a  c l o s e - u p  c in e - s e q u e n c e , i l l u s t r a t e s  t h e  
a p p e a r a n c e  o f  t h e  s u r f a c e .
T h e  v e l o c i t i e s  o f  t h e  e j e c t e d  p a r t i c l e s  w e re  e s t im a t e d  
f ro m  t h e  o f  t h e  p a r t i c l e  t r a c k s  o n  t h e  c i n e - f i l m s .  F o r
20 t o r r  a m b ie n t  p r e s s u r e  o f  a i r ,  t h e  r e s u l t s  w e r e :
- 138$  Mg c o m p o s i t io n ,  E  : p a r t i c l e  v e l o c i t y  5 0 0 - 1 6 2 0  cm s  •
5 0 $  Mg " ,  , F  : » "  3 6 0 -  7 2 0  cm, s “ 1
6 2 $  Mg "  . , L » : "  "  • 1 8 0 -  6 5 0  cm s " 1 ‘
7 - 2 . 3 -  T h e  P a r t i c l e s  E j e c t e d  fro m  th /e  S u r f a c e  a t  Low  P r e s s u r e .
A n  a t t e m p t  w as m ade t o  c a t c h ,  on  a  m e t a l  p l a t e ,  t h e  
p a r t i c l e s  c o m in g  f ro m  t h e  s u r f a c e  o f  a  p e l l e t  b u r n i n g  a t  17  t o r r .  
T h e  m e t a l  p l a t e  w as d r i v e n  b y  a  m o to r  i n t o  t h e  r e g i o n  b e tw e e n  t h e  
" b o i l i n g "  s u r f a c e  a n d  t h e  r e a c t ' i o n - z o n e  o f  t h e  f la m e  f ro m  a  
p e l l e t  o f  c o m p o s i t io n  E .  I n  o n e  e x p e r im e n t  t h e  m e t a l  p l a t e  
r e m a in e d  i n  t h i s  p o s i t i o n  d u r in g  t h e  b u r n i n g - p e r i o d ;  i n  t h e  
o t h e r ,  t h e  p l a t e  w as w it h d r a w n  a f t e r  a  s h o r t  i n t e r v a l .
T h e  p e l l e t  c o n t in u e d  t o  b u r n  w hen t h e  p l a t e  w as i n  
p o s i t i o n  a l t h o u g h  t h e  f la m e  w as a b s e n t .  T h e  p a r t i c l e s  c o m in g
C
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f r o m  t h e  s u r f a c e  w e re  d e f l e c t e d  d o w n w a rd s  b y  t h e  p l a t e  so  t h a t  
t h e  p a r t i c l e s  a p p e a r e d  t o  fo rm  a  r e d  " u m b r e l l a "  a r o u n d  t h e  
p e l l e t .  T h e  lo w e s t  f r i n g e  o f  t h i s  u m b r e l l a  w as  g r e e n , , . 
s u g g e s t in g  a  r e a c t i o n  b e tw e e n  m a g n e s iu m  a n d  a i r .  W hen t h e  
p l a t e  w as w i t h d r a w n ,  t h e  n o r m a l  f la m e  r e a p p e a r e d  a b o v e  t h e  
p e l l e t .
T h e  d e p o s i t s  o n  t h e  m e t a l  p l a t e  c o v e r e d  a r e a s  o f  
a p p r o x i m a t e l y  3cm d ia m e t e r  a n d  w e re  a b o u t  3mm d e e p .  T h e  
d e p o s i t s  w e re  p r e d o m in a n t ly  b l a c k .  A n  X - r a y  d i f f r a c t i o n  
p h o t o g r a p h  o f  t h i s  b l a c k  m a t e r i a l  g a v e  t h e  d i f f r a c t i o n  l i n e s  
o f  M gF^ o n l y .  P r e s u m a b ly  c a r b o n  a c c o u n te d  f o r  t h e  b l a c k  
a p p e a r a n c e .
V e r y  n e a r  t h e  s u r f a c e  o f  t h e  m e t a l  p l a t e  t h e r e  w a s ,  
i n  b o t h  e x p e r im e n t s ,  a n  u n e v e n  l a y e r  w h ic h  c o n s i s t e d  o f  w h i t e  
g la s s y  s p h e r e s .  T h e s e  a r e  show n i n  t h e  p h o t o m ic r o g r a p h  i n  
f i g .  7 - 5 * T h e  s p h e r e s  h a d  d ia m e t e r s  w h ic h  w e r e  i n  g e n e r a l ,  
g r e a t e r  t h a n  t h e  s i z e s  o f  a t o m is e d  m a g n e s iu m  p a r t i c l e s  an d ' 
w e re  o f  t h e  o r d e r  o f  1 0 0 m  . A n  X - r a y  d i f f r a c t i o n  p h o t o g r a p h  
i n d i c a t e d  t h a t  t h e  s p h e r e s  w e re  M gF2 .
C r u s h e d  h o l l o w  w h i t e  s p h e r e s  o f  a b o u t  t h e  sam e s i z e  
a s ' t h o s e  d e p o s i t e d  o n  t h e  p l a t e  w e re  o c c a s i o n a l l y  fo u n d  w h en  
■ t h e  n o r m a l  c o m b u s t io n  p r o d u c t s  w e re  e x a m in e d  m i c r o s c o p i c a l l y .
(A  f u l l  m ic r o s c o p ic  e x a m in a t io n  o f  t h e  c o m b u s t io n  p r o d u c t s  
w as n o t  m a d e ) .
7 - 2 . 4 .  T h e  P o s t - r e a c t i o n - Z o n e
( a )  H i g h - P r e s s u r e  C o m b u s t io n
I n  a r g o n  o r  n i t r o g e n ,  s t r u c t u r e  1 ( a )  w as c h a r a c t e r i s t i c  
o f  t h e  f la m e s  f ro m  a l l  c o m p o s i t io n s .  T h e  s p e c t r u m  fr o m  z o n e  P  
w as q u a l i t a t i v e l y  s i m i l a r  t o ,  a l t h o u g h  m uch l e s s  i n t e n s e  t h a n ,  
t h e  s p e c t r u m  f ro m  z o n e  R ,  -  a  c o n t in u u m  w i t h  a b s o r p t i o n  l i n e s  
o f  M g , N a ,  C r ,  a n d  a b s o r p t i o n  b a n d s  o f  M g F . S i m i l a r  r e m a r k s  
a p p ly  t o  t h e  f la m e s  f ro m  30% m a g n e s iu m  c o m p o s i t io n s  i n  a m b ie n t  
a i r .
-  - 1 5 ?  -
W hen a i r  w as t h e  a m b ie n t  a tm o s p h e re  s t r u c t u r e  I  w as  
g iv e n  b y  t h e  5 0 $  m a g n e s iu m  c o m p o s i t io n .  T h e  38$  m a g n e s iu m  
c o m p o s i t io n  a l s o  g a v e  i t  b u t  w i t h  l e s s  i n t e n s e  s t r e a k s .
I n  t h e  5 0 $  m a g n e s iu m  f la m e  t h e  s t r e a k s  w e re  m o re  i n t e n s e  
f o r  c o m b u s t io n  i n  o x y g e n - e n r ic h e d  a i r  o r  i n  a  f l o w  o f  
a i r  ( i n - t h e  m e t a l  fu m e  c u p b o a r d  w i t h  f a n  e x t r a c t i o n ) .  I n  
b o t h  t h e  l a t t e r  c a s e s  t h e  c o n i c a l  z o n e  P w as o f t e n  s u r r o u n d e d  
b y  a  c o n t in u o u s  s e c o n d a r y  z o n e  w h ic h  in c r e a s e d  t h e  o v e r a l l
s i z e  o f  t h e  f l a m e .  ■;
• ( I.- '
T h e  s p e c tru m  e m i t t e d  b y  t h e  p o s t - r e a c t i o n - z o n e  o f  
s t r u c t u r e  I  h a d  e m is s io n  l i n e s  o f  Mg a n d  b a n d s  o f  MgO 
s u p e r im p o s e d  o n  t h e  c o n t in u u m . T h e  OH b a n d  a t  3 0 6 4 $  w as  
s o m e tim e s  o b s e r v e d ,  e s p e c i a l l y  f o r  c o m b u s t io n  u n d e r  c o n v e c t io n ,  
i n  t h e  m e t a l  fu m e  c u p b o a r d .  T h e  h e i g h t  i n  t h e  f la m e  a t  w h ic h  
t h e s e  e m is s io n  f e a t u r e s  w e re  o b s e r v e d  a g r e e d  w i t h  t h e  p o s i t i o n  
o f  t h e  o u t e r  s t r e a k y  z o n e  o b s e r v e d  o n - t h e  c i n e - f i l m s .  A t  
i n t e r m e d i a t e  p r e s s u r e s  ( 2 0 0 - 1 0 0  t o r r )  t h e  s t r e a k y  ‘o u t e r  z o n e / ; "  
w as n o t  a p p a r e n t  b u t  MgO b a n d s  w e re  fo u n d  a t  t h e  p o s i t i o n  
d o w n s tre a m  a t  w h ic h  t h e  b a n d s  h a d - j u s t  d is a p p e a r e d .
( b )  Low  P r e s s u r e  C o m b u s t io n  1
T h e  e f f e c t  o f  o x y g e n  o n  t h e  lo w  p r e s s u r e  f la m e  i s  
. i l l u s t r a t e d  b y  s t r u c t u r e  I I I ( a )  w h ic h  w as o b s e r v e d  w h e n  a  
62$  m a g n e s iu m  c o m p o s i t io n  b u r n e d  i n  a n  a m b ie n t  a tm o s p h e r e  
o f  2 0  t o r r  o f  o x y g e n .  T h e  e n t i r e  p o s t - r e a c t i o n - z o n e  o f  3 3
s t r u c t u r e  I I I  w as r e p l a c e d  b y  a  g r e e n  f r i n g e  w h ic h  c o n t a in e d  
t h e  f l a m e .  C i n e - p i c t u r e s  sh o w ed  t h a t  t h e  g r e e n  f r i n g e  c h a n g e d  
i t s  s h a p e  f ro m  n e a r  c o n i c a l  t o  f i n g e r - s h a p e d  a s  t h e  c o n t a in e d  
f la m e  t r i e d ,  a s  i t  w e r e ,  t o  b u r s t  o u t .  T h e r e  w e re  o f t e n  b r e a k s  
i n  t h e  f r i n g e .  T h e  h e i g h t  , o f  t h e  lu m in o u s  f l a m e ,  a p a r t  f r o m - , '  
t h e  s t r e a m  o f  p a r t i c l e s  i s s u i n g  f ro m  t h e  f la m e  t i p  a n d  s i d e s ,  
w as o f  t h e  o r d e r  5 t o  12 cm , c o m p a re d  w i t h  a  t o t a l  h e i g h t  o f  
a b o u t  30cm i n  a r g o n  a t  20 t o r r .  .
T h e  g r e e n  f r i n g e  w as o b s e r v e d  w hen  t h e  6 2 $  m a g n e s iu m ‘ 
c o m p o s i t io n  b u r n e d  i n  a m b ie n t  a i r  (20 t o r r )  i n  t h e  s m a l l  \ .
c o m b u s t io n  c h a m b e r " b u t i t  p e r s i s t e d  f o r  o n ly  a b o u t  'one t h i r d
-  16o  -
o f  t h e  b u r n i n g - p e r i o d .  I t  w a s , o f  c o u r s e ,  e n t i r e l y  a b s e n t  i n  
a m b ie n t  a r g o n .  I n  a m b ie n t  o x y g e n  ( 2 0  t o r r ) ,  t h e  50%  m a g n e s iu m  
c o m p o s i t io n s  g a v e  a  g r e e n  f r i n g e  f o r  a b o u t  o n e  t h i r d  o f  t h e  
b u r n in g  p e r i o d  i n  t h e  s m a l l  c h a m b e r , a n d  f o r  t h e  e n t i r e  p e r i o d  
i n  t h e  l a r g e  c h a m b e r .
MgO b a n d s ,  g r e e n  a n d  u l t r a v i o l e t ,  o c c u r r e d  f a i r l y  
s t r o n g l y  i n  t h e  s p e c t r u m  w h en  t h e  g r e e n  f r i n g e  w as p r e s e n t ,  
b u t  o n l y  w e a k ly ,  o r  n o t  a t  a l l ,  i f  t h e  g r e e n  o u t e r  z o n e  w as  
v i s u a l l y  a b s e n t .
E x t i n g u i s h i n g  B u r n in g  P e l l e t s
I t  w as fo u n d  t h a t  p e l l e t s  o f  c o m p o s i t io n s  E  a n d  F  
( 38% a n d  50% m a g n e s iu m  r e s p e c t i v e l y )  c o u ld  b e  e x t in g u i s h e d  
b y  r a p i d l y  r e d u c in g  t h e  a m b ie n t  p r e s s u r e  d u r in g  c o m b u s t io n .
T h e  p r o c e d u r e  u s e d  w as t o  e s t a b l i s h  a  s t e a d y  f la m e  a t  a n  
a m b ie n t  p r e s s u r e  o f  a b o u t  18 t o r r  ( a i r )  i n  t h e  s m a l l  c o m b u s t io n  
c h a m b e r . T h e  c h a m b e r w as s e a le d  o f f  f ro m  t h e  b a l l a s t  t a n k .
T h e  a m b ie n t  p r e s s u r e  w as r e d u c e d  b y  m a n u a l ly  o p e n in g  t h e  v a l v e  
c o n n e c t in g  t h e  c h a m b e r t o  t h e  b a l l a s t  t a n k ; ,  t h e  l a t t e r  w as  
pum ped  c o n t in u o u s l y .  C a r d b o a r d - e n c a s e d ," s e l l o t a p e d "  a n d  . 
u n c a s e d  p e l l e t s  w e re  e x t i n g u i s h e d .  •
T h e  f la m e  w as n o t  a lw a y s  e x t in g u i s h e d  b y  t h i s  p r o c e d u r e ,  
a n d  i n  t h e s e  c a s e s  c o m b u s t io n  c o n t i n u e d . a t  5 t o  6 t o r r  a m b ie n t  
p r e s s u r e .  T h i s  s u g g e s te d  t h a t  t h e  r a t e  o f  d e p r e s s u r i s a t i o n  
w as i m p o r t a n t .
L o o s e l y - h e l d  m a t e r i a l  o n  t h e  s u r f a c e  o f  t h e  e x t in g u i s h e d  
p e l l e t  c o n s is t e d  o f  s p o n g y  b l a c k  m a t e r i a l ,  m e t a l l i c  s p h e r e s  a n d  
w h i t e  s p h e r i c a l  p a r t i c l e s .  A n  X - r a y  p o w d e r  d i f f r a c t i o n  p h o t o g r a p h  
r e v e a l e d  t h a t  m a g n e s iu m  a n d  M gF2 w e re  p r e s e n t ,  i n  a p p r o x i m a t e l y  
e q u a l  a m o u n ts , i n  t h i s  lo o s e  m a t e r i a l ,  a n d  t h e r e  w as m o st  
l i k e l y  a  t r a c e  ( l e s s  t h a n  9%) o f  M gO. Some o f  t h e  s o l i d  
p e l l e t  u n d e r n e a t h  t h e  lo o s e  m a t e r i a l  w as re m o v e d  a n d  i t s  
X - r a y  d i f f r a c t i o n  p h o t o g r a p h  s u g g e s te d  t h e  p r o b a b le  p r e s e n c e  
o f  a  s m a l l  a m o u n t o f  M gF2 «
-  161 -
P r o j e c t i n g  f ro m  t h e  s o l i d  s u r f a c e  o f  t h e  e x t in g u i s h e d  
p e l l e t  w e re  w h i t i s h  lu m p s ,  w h ic h  w e r e -v s o f t  a n d  t a c k y .  A n  
X - r a y  d i f f r a c t i o n  p h o t o g r a p h  g a v e  t h e  c h a r a c t e r i s t i c  l i n e s  
o f  c r y s t a l l i n e  P T F E . T h e  p r o j e c t i o n s  c o u ld  o f t e n  b e  s e e n  
w i t h  t h e  n a k e d  e y e  -  o n e  f i n - l i k e  p r o t r u s i o n  w as  2 t o  3mm 
a b o v e  t h e  s o l i d  s u r f a c e .  ’ T h e  s u r f a c e  a r e a  o f  t h e s e  lu m p s  
v a r i e d :  u s u a l l y  t h e  l o n g e s t  d im e n s io n  w as o f  t h e  o r d e r  o f  
0*5m m . S i m i l a r  p o ly m e r  lu m p s  w e re  o b s e r v e d  i n  t h e  c o m b u s t io n  
p r o d u c t s  ( r e c o v e r e d  f r o m  t h e  b a s e - p l a t e  o f  t h e  c h a m b e r)  
f ro m  lo w  p r e s s u r e  f la m e s  w h ic h  w e re  n o t  e x t i n g u i s h e d .  T h e y  
w e re  a l s o  o b s e r v e d  o n  t h e  s u r f a c e s  o f  t h r e e  p e l l e t s  o f  
c o m p o s i t io n  L ’ (6 2 %  m a g n e s iu m ) w h ic h  i g n i t e d  b u t  d i d  n o t  
p r o p o g a t e  c o m b u s t io n  a t  20 t o r r  o x y g e n . ( I n  a d d i t i o n ,  t h e  • 
s u r f a c e  o f  a  p e l l e t  o f  c o m p o s i t io n  D (30 %  m a g n e s iu m ) w h ic h  f /  
s e l f - e x t i n g u i s h e d  a t  ?60 t o r r  w as c o v e r e d  w i t h  l a r g e  a r e a s  : • 
o f  p o ly m e r ,  a l t h o u g h  i n  t h i s  c a s e  t h e  p o ly m e r  w as f l u s h  w i t h  
t h e  s u r f a c e ) .
v33>•:+/; 73f333>-'3:3:3‘3 3 3 ?3 •<.';:-:-i;-„ 3  3 z- 3 .3 / 4 X/yV--
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2 0  t o r r  o x y g en
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DISTANCE O F REACTION ZONE FROM SURFACE ~  m m
0 -  -o  C o m p o s i t io n  F ( 5 0 % M g )  * i.
A C o m p o s i t io n  E ( 3 8 % Mg)
A m b ie n t  a t m o s p h e r e s  : A ir  o r  A rg o n  , 4 7
FIG. 7 - 2 .  VARIATION WITH AMBIENT PRESSURE  
O F  DISTANCE BETWEEN THET FLAME AND THE 
SURFACE O F  A  BURNING M g/PT FE ./PE L L E T
o  10 2 0  3 0  4 0  5 0
HEIGHT OF REACTION ZONE— m m
o— -o C o m p o s i t io n  F ( 5 0 % Mg)
A C o m p o s i t io n  E ( 3 8 % Mg)
A m b ien t  a t m o s p h e r e s  : A ir  o r  A rg o n
FIG. 7 - 3 .  VARIATION WITH AMBIENT PRESSURE j 
O F  REACTION ZONE HEIGHT IN Mg/PTFE FLAMES!
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PLATE 7 - 1 ( b )  M g /P T F E  FLAMES
1 . 38% Mg P e l l e t  a t  20  t o r r  A i r
2 .  60% Mg P e l l e t  a t  20  t o r r  O xygen
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PLATE 7 - 5  ( a )  P A R TIC LE S  DEPO SITED on a  PLATE IN S ER TE D  b e tw e e n  th e
FLAME a n d  th e  SURFACE o f  a BURNING M g /P T F E  PELLET ( 1 8  t o r r ) .
( b )  ATOM ISED MAGNESIUM u s e d  i n  M g /P T F E  CO M PO SITIO NS.
m
M g / P T F E  C O M P O S IT IO N S :  V A R IA T IO N  O F  B U R N IN G  T IM E  W IT H  A M B IE N T  P R E S S U R E
E x p e r i m e n t a l  M e a s u re m e n t o f  B u r n in g  T im e  ■ ' " V I- : /.;  o . ' 3 3  4 ’; + / '
T h e  b u r n i n g - t i m e  (s e c o n d s  p e r  i n c h )  o f  M g /P T F E  c o m p o s i t io n s  
w as m e a s u re d  a s  a  f u n c t i o n  o f  a m b ie n t  p r e s s u r e /  B e c a u s e  o f  t h e  
r e l a t i v e l y  lo n g  b u r n i n g - t i m e s  o f  t h e s e  c o m p o s i t io n s ,  t i m i n g  w i t h  
a  s t o p - w a t c h  w as c o n s id e r e d  s u f f i c i e n t l y  . a c c u r a t e .  . 3 v ' J:
I g n i t i o n  w as a c h ie v e d  b y  lo o s e n in g  t h e  t o p  l a y e r  o f  t h e  
p e l l e t , a d d in g  some p r i m i n g  c o m p o s i t io n  a n d . i g n i t i n g  t h i s  lo o s e  
m a t e r i a l  w i t h  a  c o i l  o f  5A  f u s e  w i r e .  . / I g n i t i o n  o f '  t h e  p e l l e t  •
w as o b s e r v e d ,  v i s u a l l y  a n d  p h o t o g r a p h i c a l l y ,  t o  t a k e  p la c e  7  -
i n s t a n t a n e o u s l y  f o r  a l l  p r a c t i c a l  p u r p o s e s ;  c e r t a i n l y  t h e  7 3 3 :y  : .
s o l i d  p e l l e t  w as i g n i t e d  i n  l e s s  t h a n  o ne s e c o n d .  7 3 3 3  ; W v / 3  4
M o s t m e a s u re m e n ts  w e re  m a d e . w i t h  0 * 5 i n  d i a m e t e r / I  3 3 3 7  
c a r b o a r d - e n c a s e d  p e l l e t s  o f  1 i n  n o m in a l  l e n g t h  w h ic h  w e re  ' 
b u r n e d  i n  a i r  . in  t h e  s m a l l  c o m b u s t i o n  chamb e r ." , H o w e v e r , /' . y?
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( b )  S e l l o t a p e d  p e l l e t s  o f  c o m p o s i t i o n  F / L 4  
( L a r g e  c o m b u s t i o n  c h a m b e r )
-  18.9 -
M g /P T F E  C O M P O S IT IO N S : A N A L Y S IS  OF PRODUCTS AND HEAT OF CO M B U STIO N .-3 ■' 
U n r e a c t e d  M a g n e s iu m  b y  F la m e  P h o t o m e t r y  • / ”+  * A y
9 - 1 . 1 .  P u rp o s e  :
I t  w as n e c e s s a r y  t o  kn o w  t h e  s t o i c h i o m e t r y  o f  t h e  , 
r e a c t i o n  b e tw e e n  m a g n e s iu m  a n d  P TFE  i n  o r d e r  t o  c a l c u l a t e  
t h e  h e a t  o f  r e a c t i o n  f r o m  b o m b - c a l o r im e t r ic  m e a s u r e m e n ts .  , y  • ■ ■ 
T o  i n v e s t i g a t e  t h i s ,  a  f la m e  p h o t o m e t r ic  t e c h n iq u e  w as u s e d  
t o  m e a s u re  t h e  p e r c e n t a g e  [ w e i g h t . o f  u n r e a c t e d  m a g n e s iu m  i n  s . ; . " * y  
t h e  s o l i d  c o m b u s t io n  p r o d u c t s  w h en  p e l l e t s  c o n t a i n i n g  L  4
d i f f e r e n t  p e r c e n t a g e s  b y  w e ig h t  o f  m a g n e s iu m  w e re  b u r n e d  
i n  a n  a r g o n  a tm o s p h e r e .  T h r e e  a m b ie n t  p r e s s u r e s  w e re  c h o s e n  
f o r  c o m b u s t io n :  ?60 t o r r ,  90 t o r r ,  23 t o r r .  A
D e s p i t e  some l a c k  o f  p r e c i s i o n  i n  t h e  t e c h n iq u e  u s e d ,  
t h e  p e r c e n t a g e  w e ig h t  o f  u n r e a c t e d  m a g n es iu m  i n  t h e .  . s o l i d /  y  
c o m b u s t io n  p r o d u c t s  c l e a r l y  p r o v e d  t o  b e  a  f u n c t i o n  o f  a m b ie n t -  -••• * -■
p r e s s u r e .  T h i s  e f f e c t  w as s t u d ie d  i n  m o re  d e t a i l  w i t h  c o m p o s i t io n  F
i n  t h e  h o p e  t h a t  i t  m ig h t  h e l p  t o  e x p l a i n  t h e  p r e s s u r e  d e p e n d e n c e  
o f  t h e  r a t e  o f  b u r n i n g .  ' y  ■ ,v • - A y  .,
9 - 1 . 2 .  M e th o d  a n d  R e s u l t s  "A y  4
. A s a m p le  w e ig h t  o f  0 * 2  t o . 1 * 0 g  o f  t h e  s o l i d  c o m b u s t io n  y
p r o d u c t s  w as c o l l e c t e d  f r o m . t h e  b a s e  o f  t h e  c o m b u s t io n  c h a m b e r
a f t e r  e a c h  b u r n i n g .  T h e  u n r e a c t e d  m e t a l  w as  d i s s o l v e d  i n
a p p r o x i m a t e l y  N/6  H C I i n  w h ic h  t h e  s o l u b i l i t y  o f  M gF^ i s  o n ly  
«./| £~'- ■
0 * 0 0 8  g  1  . T h i s  a c i d i c  s o l u t i o n  w as s p r a y e d  i n t o  t h e  f la m e
o f  a  U n ic a m  S P 9 0 0  f la m e  p h o t o m e t e r  a n d  t h e  g a lv a n o m e t e r
d e f l e c t i o n  d u e  t o  t h e . 2 8 5 2 $  l i n e  o f  Mg w as c o m p a re d  w i t h  t h e • ,<■
d e f l e c t i o n s  c a u s e d  b y  s t a n d a r d  s o l u t i o n s  o f  a t o m is e d  m a g n e s iu m .
T h e  r e s u l t s  a r e  g iv e n  i n  f i g u r e s  9 - 1  a n d  9 - 2 , a n d  t a b l e
9 - 1 .  A f u l l  a c c o u n t  o f  t h e  e x p e r i m e n t a l  m e th o d  a n d  t h e  
c a l c u l a t i o n  o f  r e s u l t s  i s  g iv e n  i n  A p p e n d ix  A 2 . " U n r e a c t e d "  /  " A :  
m e a n s , i n  t h e  p r e s e n t  c o n t e x t ,  m a g n e s iu m  t h a t  h a s  n o t  fo rm e d  
M gF^} t h e  o x i d e ,  n i t r i d e  a n d  c a r b id e s  o f  m a g n e s iu m  a r e  a l l  , y  4 
s o l u b l e  i n  H C I a c i d .  ,■ ' A / ’V . . . . .  .. , ,
-  190 -
Random  e r r o r s  i n  t h e  r e s u l t s  a r o s e  m a in l y  f ro m  
i n s t r u m e n t a l  n o n - r e p e a t a b i l i t y  b u t  t h e r e  w as a  s m a l l  • 
c o n t r i b u t i o n  f ro m  t h e  f a c t  t h a t  some v a r i a t i o n  o c c u r r e d  
i n  t h e  v o lu m e s  b o t h  o f  t h e  e x t r a c t i n g  a c i d i c  s o l u t i o n '  
a n d  o f  t h e  w a s h in g  w a t e r  a n d  t h i s  c a u s e d  a  v a r i a b l e  
a m o u n t o f  M gF2 t o  d i s s o l v e .  T h e  m ean  v a l u e s  f ro m  s e v e n  . 
d e t e r m i n a t i o n s  e a c h  o n  tw o  s a m p le  s o l u t i o n s ,  a n d  t h e  
95$  (2 cr) l i m i t s  f r o m  b o t h  ra n d o m  e r r o r s  (a s s u m e d  
in d e p e n d e n t )  w e re  fo u n d  t o  b e
j ,  »
S a m p le  E ^ : u n r e a c t e d  Mg i n  p r o d u c t s :  5 * 6  -  1 * 5 $  Mg 
S a m p le  : u n r e a c t e d  Mg i n  p r o d u c t s :  3 5 * 1  t  2 * 6 $  Mg
S y s t e m a t ic  e r r o r s  w e re  l i k e l y  f ro m  tw o  e f f e c t s :  f i r s t l y ,  
t h e  f a c t  t h a t  t h e  v o lu m e s  o f  e x t r a c t i n g  l i q u i d  a n d  w a s h in g  w a t e r  
w e re  n o t  kn o w n  e x a c t l y  a n d  a  m axim um  c o r r e c t i o n  h a d  t o  b e  as su m e d  
a n d  s e c o n d ly ,  t h e  p r e s e n c e  o f  o x id e  o n  t h e  a t o m is e d  m a g n e s iu m  
i n  b o t h  c o m p o s i t io n s  a n d  s t a n d a r d s .  T h e s e  tw o  e r r o r s ,  w h ic h  
v a r y  w i t h  c o m p o s i t io n ,  t e n d  t o  a n n u l  e a c h  o t h e r ,  a n d  a  
r e a s o n a b le  e s t im a t e  o f . t h e i r  e f f e c t  i s  t h a t ,  f o r  c o m p o s i t io n s  
E  a n d  F ,  t h e  q u o te d  v a l u e s  m ay b e  lo w  b y  0 * 7 $  M g , w h i l e  f o r  
c o m p o s i t io n  L  t h e  q u o te d  v a l u e s  m ay b e  h ig h  b y  1 * 5 $  M g .
9 - 1 . 3 *  D i s c u s s i o n  o f  R e s u l t s  •
( a )  C o m b u s t io n  a t  H ig h  A m b ie n t  P r e s s u r e s  
A s s u m in g  t h e  o v e r a l l  r e a c t i o n  t o  b e  .■
n  Mg +  - ( C F 2 ) -  — >- M gF2 +  C +  ( n  -  1 )M g
  ( 9 - 1 )
a n d  a s s u m in g  t h a t  t h e r e  i s  n o t  m o re  t h a n  1 2 * 9 $  MgO p r e s e n t  i n  
t h e  a t o m is e d  m a g n e s iu m  r e a c t a n t ,  t h e  e x p e c t e d  v a l u e s  o f  t h e  
u n r e a c t e d  m a g n e s iu m  i n  t h e  c o m b u s t io n  p r o d u c t s  w o u ld  b e  
b e tw e e n  t h e  v a l u e s  g iv e n  i n  c o lu m n s  2 a n d  3 o f  t a b l e  9- 1 *
T h e  m e a s u re d  v a l u e s ,  f o r  c o m b u s t io n  a t  7 6 0  t o r r  (c o lu m n  4  
i n  t a b l e  9- 1 )  a g r e e  w i t h  t h e  e x p e c t e d  v a l u e s  w i t h i n  
e x p e r i m e n t a l  e r r o r .
( b )  C o m b u s t io n  a t  Low  A m b ie n t  P r e s s u r e s  / y / y / J / y y y / . ;
A t  lo w  a m b ie n t  c o m b u s t io n  p r e s s u r e s ,  h o w e v e r , i t  i s  
s e e n  t h a t  t h e  r e a c t i o n  d o e s  n o t  go  t o  c o m p le t io n .  T h i s 3 y 7 / / :y y y  
f i n d i n g  i s  i n  b r o a d  a g re e m e n t  w i t h  t h e  w o r k  o f  S p e c k a r t ;; ( 1 2 6 )  .
who m e a s u re d  t h e  p e r c e n t a g e  c o m p le t io n  o f  t h e  r e a c t i o n  b e tw e e n  
P TFE ( T e f l o n  7X)  a n d  f i n e l y  g ro u n d  m a g n e s iu m  (m e s h  3 2 5 )>  t h e  
r e a c t a n t s  b e in g  i n  t h e  fo rm  o f  l i g h t l y  c o m p re s s e d , P T F E - r ic h  ,7; 
p e l l e t s .  S p e c k a r t  d e t e r m in e d  t h e  u n r .e a c te d  m e t a l  b y  t r e a t i n g  7 ';3 
t h e  c o m b u s t io n  p r o d u c t s  w i t h  s u l p h u r i c  a c i d  a n d  m e a s u r in g  t h e  
h y d r o g e n  . e v o l v e d .  H e  fo u n d  t h a t ,  a t  a m b ie n t  p r e s s u r e s  b e l o w / 7.7; 
350 t o r r , ’ t h e  p e r c e n t a g e  c o m p le t io n  o f  t h e  r e a c t i o n  d e c r e a s e d  
i n  a n  e x p o n e n t ia l  f a s h i o n  t o  a  m in im um  v a l u e  a t  1 2  t o r r , t h e  
lo w e s t  p r e s s u r e  c o n s id e r e d .  S in c e  S p e c k a r t  d i d  h i s  d e t e r m i n a t i o n s  
o n  t h e  e n t i r e  c o m b u s t io n  p r o d u c t s ,  i t  may b e  as s u m e d  t h a t  t h e 7. :l.
l o w - p r e s s u r e  t r e n d  i n  v a l u e s  o b s e r v e d  i n  t h e  p r e s e n t  w o rk  was: • / , ;  .
n o t  c a u s e d  b y  t h e  s a m p l in g  m e th o d  e m p lo y e d . ■: * / . y y  • 3 / 7
Two p o s s i b l e  c a u s e s  o f  t h e  i n c r e a s i n g  a m o u n t o f  u n r e a c t e d  
m a g n e s iu m  a t  re d u c e d  a m b ie n t  p r e s s u r e s  a r e  ■ ; 7 y
( i )  in c o m p le t e  r e a c t i o n  i n  t h e  f l a m e ;  • ' -
( i i )  i n c o m p le t e  d e c o m p o s i t io n  o f  t h e  p o ly m e r  •■•• 3 .7  y
i n  t h e  p e l l e t .  • .. .. y  ; 7 7 ;.v 4 y  ■ V 3 ; 3
T h e r e  i s  e v id e n c e  f o r  t h e  in c o m p le t e  d e c o m p o s i t io n  o f  7-4: ■ 
t h e  p o ly m e r  a t  lo w  a m b ie n t  p r e s s u r e s .  Lum ps o f  • u n d e c o m p o s e d  y-;,77•.. 
p o ly m e r ,  w i t h  l a r g e s t  d im e n s io n  i n  t h e  r a n g e  0 * 4  t o  1 •0mm, y l ' f Y  
w e re  o b s e r v e d  m i c r o s c o p i c a l l y  i n  t h e  c o m b u s t io n  p r o d u c t s .
T h e s e  lu m p s  w e re  v e r y  e v i d e n t  i n  t h e  p r o d u c t s  f r o m  c o m b u s t io n  
a t  2 0  t o r r  a n d  w e re  p r e s e n t  t o  some e x t e n t  i n  p r o d u c t s  f ro m  
c o m b u s t io n  a t  9 0  t o r r  ( c o m p o s i t io n  E )  a n d  1 7 7  t o r r  ( c o m p o s i t io n  F ) , 
b u t  c o u ld  n o t  b e  s e e n  i n  t h e  p r o d u c t s  f ro m  c o m b u s t io n  a t  760 t o r r .  
C in e - p h o t o g r a p h y ,  a l s o  sh o w e d  t h a t  lu m p s  o f  u n r e a c t e d  c o m p o s i t io n  y y  
w e re  o c c a s i o n a l l y  t h r o w n  o f f  f r o m  t h e  s u r f a c e  o f  a  p e l l e t v  i / y r / i / y -  
b u r n in g  a t  lo w  a m b ie n t  p r e s s u r e .  H o w e v e r , t o  a c c o u n t  f o r  
3 5  p e r  c e n t  u n r e a c t e d  m a g n e s iu m  i n  t h e  p r o d u c t s  o f  c o m p o s i t io n  F  
b y  t h i s  m e c h a n is m :a lo n e  w o u ld  r e q u i r e  2 0  p e r  c e n t  b y  w e ig h t  o f  y 'y y ,  
t h e  s o l i d  p r o d u c t s  t o  b e  u n d e c o m p o s e d  p o ly m e r ,  a n d  t h i s  i s  
c o n s id e r e d  u n l i k e l y .  >• , ;•/ • vy.- " y  y  _ y y / ' y /  A:.,';yv < • y v p l y y / '
I f  c a u s e  ( i )  o n l y . i s  o p e r a t i v e ,  a l l  t h e  p o ly m e r  i s  -
d ec o m p o s e d  b u t  t h e  r e a c t i o n  b e tw e e n  i t s  d e c o m p o s i t io n  p r o d u c t s  ,
a n d  m a g n e s iu m  d o e s  n o t  go t o  c o m p le t io n ,  so  t h a t  g a s e s  s u c h  a s
C ^ F ^ , C F ^  e t c .  a r e  am ong t h e  t o t a l  c o m b u s tio n , p r o d u c t s .  F o r  ‘
35 p e r  c e n t  u n r e a c t e d  m e t a l  i n  t h e  s o l i d  c o m b u s t io n  p r o d u c t s . f ro m
c o m p o s i t io n  F ,  a b o u t  8 p e r  c e n t  o f  t h e  t o t a l  p r o d u c t s  w o u ld  be.-
g a s e o u s .  T h e  w e ig h t  r a t i o  M g F ^ /M g  i n  t h e  s o l i d  p r o d u c t s ' .c a n  b e  :;;
c a l c u l a t e d  a s  1 - 5  i n  t h i s  c a s e ,  w h e re a s  t h e  r a t i o  i s  1 - 0  f o r  y ’-TO
. . .  . ■ 3:7 ;’-3 •>;-•/ ; -;7 ;TO-7 7 / '  -
c a u s e  ( i i )  a n d  2 * 4  f o r  n o r m a l r e a c t i o n .  A p r e l i m i n a r y  a t t e m p t ; - '  -
t o  m e a s u re  t h i s  r a t i o  b y  a n  X - r a y  d i f f r a c t i o n  m e th o d  p r o v e d  - r f  X to
l a r g e l y  i n c o n c l u s i v e  b e c a u s e  p h o t o g r a p h ic  r e c o r d i n g  o f  t h e
d i f f r a c t i o n  p a t t e r n  w as t o o  s e n s i t i v e  t o  v a r i a t i o n  i n  t h e  s i z e ; o f
t h e  m a g n e s iu m  c r y s t a l l i t e s  i n  t h e  s a m p le s .  H o w e v e r ,  i t  w as fo u n d
t h a t  t h e  p r o d u c t s  f r o m  o n e  c o m b u s t io n  a t  760 t o r r  h a d  a  h i g h e r  ; •
M g F ^ /M g  r a t i o  t h a n  t h e  p r o d u c t s  f ro m  tw o  b u r n in g s  a t  2 3  t o r r .
(S e e  A p p e n d ix  A 2  f o r  d e t a i l s ) .  • 7 ;
( c )  C o m b u s t io n  a t  I n t e r m e d i a t e  P re s s u r e s !- to  . ' "  7 / - ' .
T h e r e  i s  a n  i n d i c a t i o n  t h a t  a  m in im u m  v a l u e  o f  u n r e a c t e d  
m a g n e s iu m  o c c u r s  a t  some i n t e r m e d i a t e  p r e s s u r e s ,  a t  l e a s t  f o r  . V: .
c o m p o s i t io n s  F  a n d  L  ( f i g u r e  9 - 2  a n d  t a b l e  9 - 1 .  r e s p e c t i v e l y ) .
T h i s  c o u ld  o c c u r  i f  a l l  t h e  e x c e s s  m e t a l  i n  t h e  c o m p o s i t io n  i s  
c o n v e r t e d  t o  o x i d e ,  o r  i f  some o f  t h e  e x c e s s  m e t a l  fo rm s  . ■
a n  i n s o l u b l e  com pound o t h e r  t h a n  M g F ^ . I t  i s  d i f f i c u l t  t o  a c c o u n t  
f o r  t h e . p r e s e n c e  o f  t h e  r e q u i r e d  a m o u n t o f  o x y g e n  f o r  t h e  f i r s t  • 
p o s s i b i l i t y ,  e v e n  a l l o w i n g  t h a t  t h e  c a r d b o a r d  c a s in g  ( w e i g h t . 0*-7 g )  
c o u ld  c o n c e iv a b ly  p r o v i d e  0 * 3 5 g  o f  o x y g e n . I t  i s  n o t  e a s y  t o  f i n d  
a  l i k e l y  com pound f o r  t h e  s e c o n d  p o s s i b i l i t y .  V "  TO.':-:
A t h i r d  a n d  m o re  r e a s o n a b le  p o s s i b i l i t y  i s  t h a t  some o f  t h e  
e x c e s s  m a g n e s iu m  p a r t i c l e s  a c q u i r e  a  t h i c k  c o a t i n g  o f  M gF^ w h ich , 
p r e v e n t s  t h e  u n r e a c t e d  m e t a l  i n  t h e  i n t e r i o r  f ro m  d i s s o l v i n g .  I t  
i s  s t i l l  n e c e s s a r y  t o  e x p l a i n  w hy t h i s ,  s h o u ld  o c c u r  o n l y : o v e r  a  
s m a l l  r a n g e  o f  a m b ie n t  p r e s s u r e s .
H e a t  o f  C o m b u s t io n  b y  B o m b - C a lo r im e t r y
9 - 2 . 1 .  M e th o d  a n d  R e s u l t  ■
T h e  h e a t  o f  c o m b u s t io n  o f  c o m p o s i t io n  E  w as  m e a s u re d  i n  
a n  a r g o n - f i l l e d  b o m b - c a lo r im e t e r  w h ic h  w as c a l i b r a t e d  w i t h  7 ,, 
b e n z o ic  a c i d  i n  t h e  u s u a l  w a y . F u l l  d e t a i l s  a r e  g iv e n  i n
-  193 -
A p p e n d ix  A 3 . T h e  h e a t  p r o d u c e d  p e r  g ram  o f  c o m p o s i t io n ,  A h c ,  
w as fo u n d  fro m  t h e  e q u a t i o n :  A/ ’ A 'v .A -'-y
Q =  m A ll +  m A h  : c c p  p
  ( 9 - 1 )
b y  p l o t t i n g  Q /m  a g a i n s t  m /m  a n d  f i n d i n g  t h e  i n t e r c e p t  ( f i g .  9- 3 )
*■ V'!" e p  c ; A . . •
I n  e q t .  ( 9 —1 )  . y - . . ; ;A y 4 2 : :
Q =  t o t a l  h e a t  p r o d u c e d  i n  t h e  b om b, c a l ;
A '■ .Ah ss h e a t  p r o d u c e d  p e r  g ra m  o f  c o m p o s i t io n ,  c a l  g ” 1 ; A A V A y  " 
A h p =  h e a t  p ro d u c e d , p e r  g ra m  o f  p r i m i n g  c o m p o s i t io n ,  c a l  g ” 1 ; 
mA ss m ass o f  c o m p o s i t io n ,  g ; .'A A.” '
mp  =  m ass o f  p r i m e r g .  A .
U s in g  t h e  l e a s t - s q u a r e s  m e th o d , A h c w as c a l c u l a t e d  f ro m  s e v e n  4 A 
d e t e r m i n a t i o n s  t o  b e
A h c =  2 0 3 7  t  2 5  c a l  g ” 1 ( a  -  1 2 * 5  c a l  )  ••A-AAyV.
T h e  s l o p e >o f  t h e  l i n e ;  g a v e  . A h  , b u t  t h e  v a l u e  so  - y / V p  A 
fo u n d  w as v e r y  m uch h i g h e r  t h a n  t h e  a c c e p t e d  v a l u e  f o r  t h e  
p r i m e r  u s e d .  I n  a d d i t i o n ,  c h e c k s  o n  t h e  p e r c e n t a g e  w e ig h t  . 
o f  u n r e a c t e d  m a g n e s iu m  i n  t h e  s o l i d  p r o d u c t s  a f t e r  tw o  ■; " ; 4; ' 
d e t e r m i n a t i o n s  g a v e  u n e x p e c t e d ly  h ig h  v a lu e s  o f  1 1 * 75% a n d  A V /A v ■
9 -2 5 % . I t  i s  b e l i e v e d  t h a t  b o t h  d is c r e p a n c i e s  w e re  d u e  t o  .A A ll-
r e a c t i o n  b e tw e e n  t h e  m a g n e s iu m  i n  t h e  c o m p o s i t io n  a n d  t h e  
p r i m i n g  c o m p o s i t io n .  A n  a d d i t i o n a l  t e r m ,  A h p c , w as a d d e d  . .  
t o  e q t .  ( 9 - 1 ) .  . T h e  t e r m  A h p c  is ,  t h e  h e a t ,  p e r  g ra m  o f  p r i m e r  A n  7.
d u e  t o  r e a c t i o n  w i t h  m a g n e s iu m  a n d  t h e  m a g n e s iu m  i s  assu m ed
t o  b e  i n  e x c e s s  so  t h a t  t h e  h e a t  o f  t h i s  r e a c t i o n  d e p e n d s  A4 , 4/ 4 7
o n ly  o n  t h e  m ass o f - p r i m e r  p r e s e n t .  E q t .  ( 9 - 1 )  now  b e c o m e s : 4
Q ss m A h  +  m A h  +  m A h  7 A A y - 7 A --'A a V-y A
C C " P  P  P  P °  • A4-- " 4 * 4 ' ' ' A  ' 4 - 4 A/A
o r  Q /m  =  A h  + m m ” 1 ( A h  +  A h  ) -4. >
, ■ c c p  c p  p c  . . 4 . •, . 44
' : 7 y 7 -7. •'7,.-'>AA.:7 . . . . 7 .  A . 7 . .  . 7 ( 9 - 2 )  7 : :
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T h i s  p r o c e d u r e  w as j u s t i f i e d  b y
( a )  t h e  g o o d  s t r a i g h t  l i n e  o b t a in e d ;  
a n d  ( b )  p l o t t i n g  t h e  p e r c e n t a g e  u n r e a c t e d :m a g n e s iu m
a g a i n s t  t h e  a p p r o p r i a t e  m /m  - f o r  t h e  tw o
P c "  , * 7
d e t e r m i n a t i o n s  g a v e  a  v a l u e  o f  4 » 9$  u n r e a c t e d
m a g n e s iu m  a t  m /m  «  0 ; w i t h i n  e x p e r i m e h t a l
P c ' ■ “TO ;:/ «• “ . !
e r r o r ,  t h i s  i s  t h e  v a l u e  o f  u n r e a c t e d  m a g n e s iu m
fo u n d  f o r  c o m p o s i t io n  E  a f t e r  n o r m a l  c o m b u s t io n ,
9 - 2 . 2 .  D is c u s s io n  o f  R e s u l t s
A s s u m in g  t h a t  t h e  r e a c t i o n  i s  t h a t  g iv e n  b y  e q t .  ( 9 - 1 )  
( s e c t i o n  9- 1 * 3 ) t h e  h e a t  o f  r e a c t i o n  m e a s u re d  i n  t h e s e  
e x p e r im e n t s  c a n  b e  c o m p a re d  w i t h  t h e  t h e o r e t i c a l  v a lu e  
c a l c u l a t e d  w i t h  p u b l is h e d  th e rm o d y n a m ic  d a t a *  .
S k i n n e r  ( 1 2 7 )  h a s  g iv e n  t h e  b e s t  v a l u e  f o r  t h e  h e a t  o f  
f o r m a t io n  C F ^  g a s  a s :
,'f /  ■ \ ™  - 1A E T ^ g  (C F ^ ,  g )  =  - 2 2 3 * 0  -  0 * 5  k c a l  m o le " -
  ( 9 - I I )
S c o t t  e t  a l .  ( 1 2 8 )  h a v e  m e a s u re d  t h e  h e a t  o f  c o m b u s t io n  o f  P TFE
a n d  h a v e  fo u n d
C ^ F ^  ( p o ly m e r ,  s )  +  02 ( g )  C F ^  ( g )  +  00^ ( g )
A H °298 =  - 1 1 8 J 0 * 5  k c a l . m o l e ” 1
( 9 - I I I )
U s i n g - t h e  .h e a t  o f  f o r m a t i o n  o f  CO^ ( A H ^ ^ g  ~  - 9 4 * 0 5  k c a l  m o le ” 1 )
f ro m  t h e  J a n a f  T a b le s  ( 1 1 4 ) ,  t h e  h e a t  o f  f o r m a t io n  o f  P T F E ;c a n  
b e  c a l c u l a t e d :
A H f 29g ( p o ly m e r  j s )  = .  A H ^ g  (C F ^ , g )  +  A H ^ g  (C 02 , g )  - ( - 11 .8*  0 * 5 )
- 198 * 3 - 1*0  k c a l  m o le ” 1
. . . . .  ( 9 - I V )
■ • • TO-;
" - _:\ . t *' " ',y „ , x . - * - '*• ] _ j ' * * . *,<  ^j,'4 «* v • V .• .y * v/-*V *'•*’’ > 3 *
■ .'-3  ] -4 - 7 v - . \ > : 7 /'-Di■ ,.»v. ■ 7-*■1 7 , - Y '■ i * "<4 ‘7; ft -'TOY. ft v- - >  ^ . fa. - fa . v ' "  ^ ‘ ■
T h e  h e a t  o f  f o r m a t io n  M gFp ( s )  i s  g iv e n  i n  t h e  J a n a f  T a b le s
■ ■ •. • «v -p - ' •-'* ** ; , * • 3  . *1 4 4 / 4  ''.,v '* jy  *
a s  . A E L ^ g : - 268*7 -  0*3 k c a l  m o le  so  t h a t . ,  t h e  h e a t  o f  / v v y  /  
r e a c t i o n  o f  Mg ( s )  w i t h  .PTFE i s  g iv e n  b y :  , - / • • /  'y - y  ••= y . y :
2Mg ( s )  i - C ^ F ^  ( p o ly m e r ,  s )  / - ^ 2 M g F 2 ( s )  +  2C ( g r a p h i t e , ,  s )  
A H P^ g  =  - 339* 2 - 1*6  k c a l  (m o le  p o ly m e r )   ^ y y  / - / y / : ' / / ■ / . ,  
=  - 1 6 9 * 6  i  0 * 8  k c a l  (m o le  M g) ^
T h i s  i s  e q u i v a l e n t  t o  - 1 69 * 6 ( 0  * 3 0 2 /2 4  • 3.) k c a l  g~^ f o r  c o m p o s i t io n  E , 
o r  2 1 0 5  +  1 0  c a l  g  ^ . T h i s  h o w e v e r ,  c a n n o t  b e  d i r e c t l y  c o m p a re d  
w i t h  t h e  m e a s u re d  v a l u e  b e c a u s e  t h e  c a r b o n  fo rm e d  i n  t h e  bomb • . y
c a l o r i m e t e r - w a s  n o t-  n e c e s s a r i l y  i n  t h e  fo rm  o f  g r a p h i t e . -  
T h e  h e a t  o f  t h e  r e a c t i o n  -  _ y  /
/ -  C ( g r a p h i t e )  —► C (a m o r p h o u s )  \ y y  / /  3 - /  ’: . / / / •
( 9- V I )
h a s  b e e n  m e a s u re d  a s  1*51  ( 129 ) ,  + 1 * 8 1  ( 129)  a n d  +  3*95 ( 130 ) k c a l  m o le  
I f  a m o rp h o u s  c a r b o n  o n l y  w e re  fo rm e d  i n  t h e  r e a c t i o n  b e t w e e n , y j / y p  
m a g n e s iu m  a n d  P TFE  t h e  t h e o r e t i c a l  v a lu e  o f  t h e  h e a t  o f  r e a c t i o n  
2055 +. 10  a n d  2090 +  10 c a l , g y  c o m p o s i t io n .  . 5 •
: : T h e - a g r e e m e n t  w i t h  t h e  m e a s u re d  v a l u e  o f .  2 0 3 7  +  2 5 . c a l ;  g  y  ;:
c o m p o s i t io n  i s  f a i r l y  g o o d , a n d  t h e  a s s u m p t io n  t h a t  t h e : r e a c t i o n  
i s  t h a t  o f  e q t .  ( 9- 1 ) i s  s u b s t a n t i a l l y  c o r r e c t .
-  196
pj l-3 H« K
H j O  
H j
CP CQ
4' 83 
cp .B  
P >d 
c+ H  
. cp 
O 4 CQ
pH*
P
oqUl
CP
cr*
npH*
P
OQ
Oc+p4
CP 
.4  «: H- 
CQ 
CP ■
TO
f t
§'
CQ
es
CP
H jO
4
d
H
CP
CQ
H j4o
B
*
> >
CQ CQ
CQ CQ
H* H-
P POQ OQ
P
O
TO
H  ■ CP
4
O
N P
« i H
OQ
CP O
P O
B
4 cr*CP P
B CQ
p  • 4-
H* H-
P OCP P
P-
4
H* CP
P P
0
CQ 4-
O H-
H  . O
H- ' P
P»
H*
►d CQ
4
0 c+
p* P4
p P
0 c+
4-0) OQH*<jCP
p
O4
CP
£
VO1
H
ovr\> Lno lm00 LMro
-p*
LM
vji
roLM -O
OO
-P*o
-p-
ro
lm Vjl
00 o
s
-p-
ro
LM
An
ov cv ov• 1 1
-p -
o  * .
ro
o
00+
vi ■ —^ 
ro vo
vjn cy
ro
ro
00
VJl
vri
An vji 
VJl o
o  VJl
LM LM 
VJl LH
VO -< ]
ro
-p-vO
vO O
H*
P
52!
O O 
O S -^s & H-^ y ,p  
g. §  fn
cr H*
^  4 - s  
H* OQ 
O P
.O
gOQo
-Aru
&
s '
OQO*
*
-O
ovo
c+ 
O ’ 4 
4
VOO'
c+O
4
4
ro
LM
c+O44
O (Pc+ fp
c+ ^P-
*  g4- OQVa* |~U
P
h3
S4I-1
'CP
voI_V
n .
<p
po
4-
CPPj
g
iffP§'PCP
CQH*
V ■
'''' 4 j
7 ^ 5 / 4  £ r  VXD XDNz&.&y, >4474S y / A / Z l y l ’ - 7.4 k  .. 7 -/ 717y  - ,;A ;, y
co f t / f a .  . m  m - f a . - f a o v — v . oo • ■■•:;;4:r ? ‘
g y B j a / A )  lu a D  j a d - s i o n a O d d  Q H O S  N l  X  a 3 1 0 V 3 a N n
U N R E A C T E D  M g  IN S O L I D  P R O D U C T S - p e r  c e n t  ( w e i g h t )
FIG. 9 - 2 .  UNREACTED Mg IN SOLID COMBUSTION 
PRODUCTS A S A FUNCTION O F  AMBIENT  
PRESSURE FOR COMPOSITION F
;'Frfqy§>3,-:RELATIONSHiP BETWEEN HEAT PRODUCED 
IN CALORIMETER (Q)y MASS O F  COMPOSITION ( M e ) 
AND M A S S  O F  PRIMER (MP) USING EQUATION 9 -1
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1 0 .  M g /P T F E  C O M P O S IT IO N S : D IS C U S S IO N  O F.R ES U LTS  X.XTO •; . 7 ; / / ; . ; /
1 0 - 1 .  Sum m ary o f  R e s u l t s  ; TO' : • /  TO"-X
X~-'TO ' - ; A t  t h i s  p o i n t ,  i t  i s  c o n v e n ie n t  t o  s u m m a r is e  t h e  r e s u l t s  
o f  t h e  p r e c e d in g ,  c h a p t e r s  a n d  t o  d ra w  some i m m e d ia t e ly  o b v io u s  :TO
c o n c lu s io n s .  X .  TOtoX  X  ■ TO . TO .. TO' TO"' /'TO ' .’X X .  -.TO
U n l i k e  t h e  f la m e s  f ro m  t h e  f a s t e r - b u r n i n g  M g /M ( N 0 ^ )4 . :
c o m p o s i t io n s ,  f la m e s  f ro m  M g /P T F E ; c o m p o s it io n s  h a v e  a  c l e a r l y  :
; . / d e f i n e d z o n e  w h ic h  ; i s  b r i g h t e r ,  t h a n  t h e  r e s t  o f  t h e  f la m e  a n d
w h ic h  i s  c h a r a c t e r i s e d ,  a t  l e a s t  a t  lo w  a m b ie n t  p r e s s u r e s  o f
c o m b u s t io n ,  b y  t h e  p r e s e n c e  o f .  e l e c t r o n i c a l l y  e x c i t e +  G ^ jTO--TO- 
r a d i c a l s .  I t  i s  r e a s o n a b le  t o  t a k e  t h i s  a s  t h e  p r i m a r y  f la m e  
r e a c t i o n - z o n e .  , T h i s  z o n e  e x p a n d s  w i t h  r e d u c t i o n  i n  a m b ie n t  
p r e s s u r e  o f  c o m b u s t io n  and . a ls o  m oves d o w n s tre a m , a w a y . f ro m  .TO 
t h e  s u r f a c e  o f  t h e  b u r n in g  p e l l e t .  T h e  s u r f a c e  o f  t h e  p e l l e t ,  
a t  lo w  p r e s s u r e s ,  i s  n o t  d a r k  b u t  i s  c o v e r e d  w i t h  p in - h e a d s  •7 
o f  l i g h t ,  w h ic h  s u g g e s ts  t h a t  e x o t h e r m ic  c h e m ic a l  r e a c t i o n  
a l s o  t a k e s  p la c e ,  t h e r e .  "TO'"'- TO-TO' 7 X X - ,VX  ''' / ‘ .-TO
M e a s u re m e n ts  o f  t h e  h e a t  o f  r e a c t i o n  show  t h a t  t h e  ;•••: ,
o v e r a l l  c h e m ic a l  r e a c t i o n  w h ic h  t a k e s  p la c e  i n  t h e  c o m b u s t io n  * $ 
p r o c e s s  i s  t h a t  r e p r e s e n t e d  b y  t h e  e q u a t io n  - • TOTO TO f’v  '
/ •  ■ ; . TO ' ' ’TO5 TO'" 2Mg +  C J ^  - ►  2M gF2 +  2C ", " TO;/TOTO/,TO■ .■ ; / ] ;  XTO
H o w e v e r ,  a t / T o w e r  a m b ie n t  p r e s s u r e s ,  t h i s  r e a c t i o n  d o e s : n o t  . I  
. go  t o  c o m p le t io n ;  a n a l y s i s  o f  t h e  p r o d u c t s  r e v e a l s  t h a t  , " . a t - 
p r e s s u r e s  b e lo w  100 t o r r ,  t h e  lo w e r  t h e  p r e s s u r e ,  t h e  s m a l l e r  . 
t h e . ; e x t e n t  o f  r e a c t i o n .  T O ; -X X ,X : ; X X X T O .? X  ' X X X X T O ; ' 1 TO': TO .TO/;.
■ W hen t h e  p e l l e t  c o n t a i n s  m a g n es iu m  i n  .e x c e s s  o f  t h e  
s t o i c h i o m e t r i c  a m o u n t , a  s e c o n d a r y  r e a c t i o n  o c c u r s  b e tw e e n  
t h e  e x c e s s  m a g n e s iu m  a n d  o x y g e n  i n  t h e  a m b ie n t  a tm o s p h e r e .
T h i s  i s  e v id e n c e d  b y  t h e  a p p e a r a n c e  o f  MgO b a n d s  i n  s p e c t r a  
t a k e n  d o w n s tre a m  fr o m  t h e  r e a c t i o n - z o n e ,  a n d  b y  t h e  s t r e a k s ,  
a n d  f r i n g e s  w h ic h  c in e - p h o t o g r a p h y  show  s u r r o u n d in g  t h e . m a i n '
: f la m e , .  T h e  e x t e n t  o f  t h i s  s e c o n d a r y  r e a c t i o n  i s *  n o tk n o w n T O X T O  
b u t  i t  o c c u r s  o v e r  t h e  e n t i r e : r a n g e  o f ,  a m b i e n t / p r e s s u r e s  u s e d .
T h e  m o s t u n u s u a l  f e a t u r e  o f  t h e  r e s u l t s  i s  t h e  S -s h a p e d  
b u r n i n g - t i m e /p r e s s u r e , ,  c u r v e  o b s e r v e d  f o r  m any o f  t h e  c o m p o s i t io n s .  
T h e  - f o l l o w i n g  ' f a c t o r  s; i n f l u e n c e  t h e  s h a p e  o f  t h e .  t i i i r n in g - t - im e  
c u r v e : '  t h e  a m o u n t o f  m a g n e s iu m  i n  t h e  c o m p o s i t io n ,  th e ;  p a r t i c l e ; /  
s i z e  o f  t h e  P T F E , t h e  p r e s e n c e  o f  a n t h r a c e n e  i n  t h e  c o m p o s i t io n .
T h e  n a t u r e  o f  t h e  a m b ie n t  a tm o s p h e r e  h a s  no  o b s e r v a b le  e f f e c t ;  
f ro m  w h ic h  i t  i s  c o n c lu d e d ’ t h a t  s e c o n d a r y  c o m b u s t io n  'd o e s /r io t ; ;  ■> 
i n f l u e n c e  t h e  b u r n i n g - r a t e .  A n  e x c e p t io n  t o  t h i s  l a s t  s t a t e m e n t  
i s  t h e  lo w e s t  p r e s s u r e  l im b  o f  t h e  c u r v e  ( b e lo w  20 t o r r ) . - I t s  .4 
s lo p e  i s  a f f e c t e d  b y  t h e  n a t u r e  o f  t h e  a m b ie n t  a tm o s p h e r e  a n d  
t h e  v o lu m e  o f  t h i s  a tm o s p h e r e  im m e d ia t e ly  a v a i l a b l e  ( i . e .  s m a l l - / ,  
o r  l a r g e  c o m b u s t io n  c h a m b e r ) ,  r e l a t i v e  t o  t h e  s u r f a c e  a r e a  o f  %  
t h e  p e l l e t .  - ' ’ A
1 0 - 2 .  R a d i a t i o n  f ro m  t h e  F la m e  R e a c t io n - Z o n e ..-
A t  a m b ie n t  p r e s s u r e s  h i g h e r  t h a n  2 0 0  t o r r , .  t h e  f la m e  • 
r e a c t i o n - z o n e  (R  i n  f i g .  7 - 1 )  e m it s  a n  i n t e n s e  c o n t in u u m  o v e r  
t h e  e n t i r e  r a n g e  o f  s p e c t r a l  o b s e r v a t i o n :  7 0 0 0 - 2 7 0 0 $ .  I t  i s  
as su m e d  t h a t  c a r b o n  p a r t i c l e s  a r e  r e s p o n s ib le  f o r  t h e  c o n t in u u m ,,  
s in c e  c o n d e n s e d  M gF^ w o u ld  n o t  b e  e x p e c t e d  t o  h a v e  e m is s io n  
p r o p e r t i e s  c o m p a r a b le  t o  t h o s e  o f  c a r b o n .  L in e s ;  a n d  b a n d s  a r e  
o b s e r v e d  i n  a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m , b u t  n o t  i n  
e m is s io n .  I t  i s  t h e r e f o r e  c o n c l u d e d - t h a t  t h e  r e a c t i o n - z o n e  h a s  
a n  e m i s s i v i t y  a p p r o a c h in g  u n i t y  a t  h ig h  a m b ie n t  /p r e s s u r e s .  A t  .. •' 
p r e s s u r e s  l e s s  t h a n  20Q t o r r ,  . th e  l e n g t h  o f  t h e  r e a c t i o n - z o n e  
i n c r e a s e s  r a p i d l y  w i t h  d e c r e a s e  i n  p r e s s u r e  ( f i g .  7 - 3 ) -  T h e  
c a r b o n  p a r t i c l e  c o n c e n t r a t i o n ,  a n d  c o n s e q u e n t ly  t h e  e m i s s i v i t y ,  
d e c r e a s e s ,  so  t h a t  l i n e s ,  a n d  b a n d s  a r e  o b s e r v e d  i n  e m is s io n  ; -•
s u p e r im p o s e d  o n - t h e  c o n t in u u m  i n  t h e  l o w - p r e s s u r e  s p e c t r a ,  .,/
A l t h o u g h  n o t  s t u d i e d  i n  g r e a t  d e t a i l ,  t h e  p r e s s u r e  . • 
v a r i a t i o n . o f  t h e  s p e c t r u m  e m i t t e d  b y  t h e  f la m e  r e a c t i o n - z o n e  
s u g g e s ts  t h e  o c c u r r e n c e ,  i n  t h e s e  f l a m e s ,  o f  t h e  .p h e n o m e n o n --n .y .A  " 
.o b s e rv e d  i n  t h e  M g /M (N C >3 ) 2 f l a m e s :  t h e  s h i f t  t o w a r d s . . /s h o r t e r  A A A 'T y  A 
w a v e le n g t h s ,  a s  t h e  a m b ie n t  p r e s s u r e  d e c r e a s e s ,  o f  t h e  . A y  4 A' v  
w a v e le n g t h  a t  w h ic h  t h e  e m i s s i v i t y  a t t a i n s  a  c o n s t a n t  m axim um  v a l u e .  
F o r  e x a m p le ,  t h e  Sw an C 2 b a n d s  i n  t h e  v i s i b l e  r e g i o n  a re ;  o b s e r v e d  
i n  e m is s io n  a g a i n s t  t h e  c o n t in u u m  i n  s p e c t r a  f ro m  t h e  r e a c t i o n - z o n e
• -  201 -  ■ ; v " : '■ : v .  >
o f  c o m p o s i t io n  F  b u r n in g  a t  1 5 5  t o r r ,  a n d , o f  c o m p o s i t io n  E  
a t  1 4 5  t o r r ,  b u t  t h e  Mg r e s o n a n c e ,  l i n e ,  a t  2852$  i s  a lw a y s  
fo u n d  i n  a b s o r p t i o n  a t  a m b ie n t  p r e s s u r e s  h i g h e r  t h a n  100 t o r r .  
C a l c u l a t i o n s  b y  S t u l l  a n d  P la s s  ( 4 4 )  show t h a t  t h e  e m i s s i v i t y  
o f  a  c a r b o n  p a r t i c l e  c lo u d  ( a t  2 2 5 0 ° K )  i n c r e a s e s  to w a r d s  ; 
s h o r t e r  w a v e le n g t h s  s u c h  t h a t  a t  s u f f i c i e n t l y  s h o r t  w a v e le n g t h  
th e -  c lo u d  r a d i a t e s  a s  a  b la c k b o d y .  T h e  w a v e le n g t h  a t  w h ic h  
b la c k b o d y  b e h a v io u r  o c c u r s  i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  • -
c o n c e n t r a t i o n .  ..
I t  i s  o f  i n t e r e s t  t o  e s t im a t e  t h e  c a r b o n  p a r t i c l e  
c o n c e n t r a t i o n  e x p e c t e d  i n  t h e  r e a c t i o n - z o n e  o f  M g /P T F E  f la m e s  
a t  760 t o r r  a n d  t o  s e e  i f  t h i s  c o n c e n t r a t i o n ' i s  o f  t h e  c o r r e c t  
o r d e r  o f  m a g n itu d e  t o  im p a r t  b la c k b o d y  c h a r a c t e r i s t i c s  i n . t h e  
v i s i b l e  r e g i o n .  T h e  c a r b o n  p a r t i c l e  c o n c e n t r a t i o n ,  n., i n  
n u m b e r p e r  cm^ i s ’-g iv e n  b y
n  =
4  7r r ^
12n
P
c 1 0 '
(n Mg +  ^ M g F ^ )
P
ET
( 1 0 - 1 )
i n  w h ic h
n Q =  m o le s  c a r b o n  i n  t h e  p r o d u c t s ;
=  m o le s  u n r e a c t e d  Mg i n  th e ;  v a p o u r - s t a t e ;  
'’Y lg F  =  mo -^e s  M gF^ i n - t h e ' v a p o u r - s t a t e ;
2 • X-
r Q =  r a d i u s  o f  c a r b o n  p a r t i c l e ,  cm; / ; ■  ''•
P - 3c =  d e n s i t y  o f  c a r b o n  p a r t i c l e ,  g  cm ;
P  =  a m b ie n t  p r e s s u r e ,  a tm o s p h e r e s ;
O' *1 ‘ *\ '
R =  g a s  c o n s t a n t ,  1 - a t m  K m o le  5.
T =  t e m p e r a t u r e  o f  t h e - r e a c t i o n  z o n e , ° K  y y
T h e  t e m p e r a t u r e - o f  t h e  r e a c t i o n - z o n e  i s  t a k e n  a s  t h e  b o i l i n g  
p o i n t  o f  M gF2 a t  760 t o r r  ( 2 5 0 0 ° K )  so  t h a t  a l l  t h e  c a r b o n  i s  
c o n d e n s e d . I t  w i l l  b e  sh o w n  l a t e r  t h a t  f o r  f la m e s  f r o m
-  203 -
c o m p o s i t io n  E  a t  7 6 0  t o r r  a l l  t h e  M gF^ i s  v a p o r i s e d ,  a n d  f o r  
c o m p o s i t io n  L  f la m e s  a l l  t h e  f l u o r i d e  i s  c o n d e n s e d . T h e r e f o r e ,  
f o r  P  =  1 a tm
n  =  7 * 10^  p a r t i c l e s  c n f ^  f o r  r  a  200$ ;
=  1 . 1010 "  » f o r  r  =  800$ .
c.
T h e s e  e s t im a t e s  a r e  o f  t h e  c o r r e c t  o r d e r  s in c e  S t u l l  a n d
P la s s  ( l o c . c i t . )  c a l c u l a t e d  t h a t  t h e  e m i s s i v i t y ,  a t  a
w a v e le n g t h  o f  5000$ ,  o f  a  c lo u d  o f  200$  r a d i u s  p a r t i c l e s
1 2  • 11
c h a n g e s  fro m  1*0  t o  0*3 w h en  n  d e c r e a s e s  f ro m  10 t o  10 ;
f o r  800$  p a r t i c l e s  a  s i m i l a r  c h a n g e  i n  e m i s s i v i t y . r e s u lts ,; .- -  ... ;
10 9 • ' ■' - -.3 y
w hen  t h e  c o n c e n t r a t i o n  c h a n g e s  f ro m  10 t o  10 p a r t i c l e s  cm .
- T h e  c h a n g e  o f  e m i s s i v i t y  o f  t h e  r e a c t i o n - z o n e  w i t h  
c h a n g e  o f  a m b ie n t  p r e s s u r e  h a s  tw o  c o n s e q u e n c e s  o f  i n t e r e s t .  
F i r s t l y ,  t h e  a p p e a ra n c e , o f  t h e  S w an b a n d s  i n  t h e  r e a c t i o n - z o n e  
s p e c tru m  a t  lo w  p r e s s u r e s  d o e s  n o t  n e c e s s a r i l y  m ean  t h a t  t h e  
f la m e  r e a c t i o n s  d i f f e r  a t  lo w  p r e s s u r e s  f ro m  t h e  f la m e  r e a c t i o n s  
a t  7 6 0  t o r r .  T h i s  i s  b e c a u s e , r a d i a t i o n  f ro m  m o le c u le s  , ' V /  
c o u ld  b e  h id d e n  i n  t h e  b la c k b o d y  c o n t in u u m  a t  h i g h e r  p r e s s u r e s .
S e c o n d ly , r a d i a t i o n  l o s s  f ro m  t h e  f la m e  r e a c t i o n - z o n e  - 3  
w h ic h  i s  i m p o r t a n t  i n  c a l c u l a t i n g  t h e  f la m e  t e m p e r a t u r e  c h a n g e s  
m o s t r a p i d l y  w i t h  a m b ie n t  p r e s s u r e s  a t  p r e s s u r e s  b e lo w  150 t o r r  
■ a p p r o x im a t e ly .  I t  s h o u ld  b e  n o t e d ,  h o w e v e r ,  t h a t  e v e n  a t  
760 t o r r ,  r a d i a t i o n  l o s s  f ro m  t h e  r e a c t i o n - z o n e  m ay n o t  b e  
a s  h ig h  a s  f ro m  a  b l a c k  r a d i a t o r  a t  t h e  f la m e  t e m p e r a t u r e ,  
b e c a u s e  t h e  e m i s s i v i t y ,  a l t h o u g h  u n i t y  i n  t h e  v i s i b l e  r e g i o n ,  y- 
m ay b e  lo w e r  i n  t h e  n e a r  i n f r a r e d  w h e re  t h e  p e a k  o f  t h e  s p e c t r a l  
e m is s io n  c u r v e  l i e s .  (A  b la c k b o d y  a t  2 5 0 0 °K  h a s  m axim uiii 
. e m is s io n  a t  a  w a v e le n g t h  1 * 2 /0 .
P r e s s u r e  D e p e n d e n c e  o f  B u r n ln g - R a t e
1 0 - 3 . 1 .  H e a t  T r a n s f e r  C o n s i d e r a t i o n s
I t  m ay b e  a s s e r t e d  w i t h  c o n f id e n c e  t h a t  t h e  r a t e  o f"  
d e g r a d a t i o n  o f  PTTE c o n t r o ls ,  t h e  b u r n i n g - r a t e  o f  a  M g /P T F E
' 44 - • ** ' - r " ' o • f
p y r o t e c h n i c  p e l l e t .  I t  i s  as su m e d  t h a t  t h e  p o ly m e r  d e g r a d e s  
t o  t h e .g a s e o u s  m o n o m er* (C ^ F ^ )  o n  t h e  s u r f a c e  o f  a  b u r n in g  
p e l l e t . .  B e c a u s e  t h e  d e g r a d a t i o n  r a t e  o f  t h e  p o ly m e r  d e p e n d s  
e x p o n e n t i a l l y  o n  t h e  t e m p e r a t u r e ,  a n d  b e c a u s e  a  s t e e p  
t e m p e r a t u r e  g r a d i e n t  w i l l  e x i s t - b e l o w  t h e  s u r f a c e  i n  a  
p e l l e t  o f  lo w  t h e r m a l  c o n d u c t i v i t y ,  t h e  d e g r a d a t io n  d u r in g  
c o m b u s t io n  i s  e f f e c t i v e l y  c o n f in e d  t o  a  n a r r o w  z o n e  a t  t h e  
t i p  o f  t h e  p e l l e t .  T h i s  s o l i d  s t a t e  r e a c t i o n - z o n e ,  re g a rd e d *  
a s  b e in g  s t a t i o n a r y ,  co n su m e s t h e  p e l l e t  m o v in g  u p w a rd s  
t h r o u g h  i t .  . I t  seem s l i k e l y  t h a t  t h e  m e t a l ,  p a r t i c l e s  a r e  
e j e c t e d  f ro m  t h e  p e l l e t  b y  . t h e  e s c a p in g  m onom er., r a t h e r  t h a n  
v a p o r is e d ;  t h e  o b s e r v e d  e x t e n t  o f  t h e  f la m e  r e a c t i o n - z o n e  . 
s u g g e s t s  a  d i f f u s i o n - t y p e  f la m e  r a t h e r  t h a n 'a  p r e m ix e d  g a s  
f l a m e .  T h e  c o m b u s t io n  m o d e l as su m e d  i s  show n i n  f i g .  1 0 - 1 .
I f  n o  e x o t h e r m ic  r e a c t i o n  o c c u r s  i n  t h e  s o l i d - s t a t e  
r e a c t i o n - z o n e ,  t h e n  c o n d u c t iv e  a n d  r a d i a l i v e  e n e r g y  fe e d b a c k ,  
f r o m  f la m e  t o  p e l l e t  m u s t s u p p ly  t h e  'h e a t  r e q u i r e d  t o  r a i s e  
t h e  t e m p e r a t u r e  o f  t h e  s o l i d ,  a n d  t o  d eco m p o se  t h e  p o ly m e r .  
M axim um  r a t e s  o f  h e a t  t r a n s f e r  f ro m  f la m e  t o  p e l l e t  w e re  
e s t im a t e d  ( s e e  A p p e n d ix  A 4 )  a n d  t h e  r e s u l t s  a r e  g iv e n  i n  
t a b l e  1 0 - 1 .  F o r  t h e  p u r p o s e  o f  t h e s e  c a l c u l a t i o n s ,  t h e  .■ 
t e m p e r a t u r e ,  T ^ ,  o f  t h e - f l a m e  r e a c t i o n - z o n e  w as t a k e n  a s  
t h e  b o i l i n g  p o i n t  o f  l i q u i d  M gF2 ; t h e  t e m p e r a t u r e ,  T ^ 8, a t  
t h e  s u r f a c e  o f  t h e  p e l l e t  w as as su m e d  t o  b e  9 0 0 ° K ;  a n d  t h e
t h e r m a l  c o n d u c t i v i t y ,  x  , o f  t h e  p r e h e a t  z o n e  w as t a k e n  a s
—6 —1 — 1 o —1 ■ * ; - •
4 0 0 . 1 0 "  c a l  s "  cm”  K "  . T h e  e m i s s i v i t y . o f  t h e  f la m e
r e a c t i o n - z o n e  w as as s u m e d  t o  b e  u n i t y  f o r  p u r p o s e s  o f
m axim um  r a d i a t i v e  t r a n s f e r .  T h e  d i s t a n c e ,  d , f ro m  f la m e
P**
t o  p e l l e t  w as t a k e n  f r o m  f i g .  7 -2 ,
*  , , . 1 ’ .
, T h e  p r o d u c t  o f  v a c u u m - p y r o ly s is  o f  P TFE  i s  r e p o r t e d  ( 1 3 1 , 1 3 2 , 1 3 3 )
t o  b e  t h e  m o n o m er. H i g h e r  f lu o r o c a r b o n s  a r e  o b s e r v e d  ( 1 3 3 / 1 3 4 )
i f .  t h e  p r e s s u r e  o f  . C ^ F a  is -  a l lo w e d  t o  r i s e ,  i n  t h e  p y r o l y s i s
s y s te m .  I n  a  f l o w i n g  0 ^  a tm o s p h e r e ,  COF2 i s  t h o u g h t  ( 1 3 2 , 1 3 5 )  V
t o  b e  t h e  m a jo r  p r o d u c t  o f  p y r o l y s i s  b e lo w  825 K ; above,; t h i s  4
t e m p e r a t u r e  i t  d e c o m p o s e s  t o  CO2 a n d  C F ^ .
I n  t a b l e  1 0 - 1 ,  t h e  p o w e r  fe e d b a c k  i s  c o m p a re d  w i t h  
t h e  p o w e r  r e q u i r e d  t o  g i v e  t h e  o b s e r v e d  b u r n i n g - r a t e s .  T h e  
l a t t e r  p o w e r  w as c a l c u l a t e d , f r o m  t h e  b u r n i n g - r a t e  d a t a  i n  
c h .  8 t o g e t h e r . w i t h  t h e  h e a t  f o r  t h e  r e a c t i o n
“ [ C 2F J “  ^  n  C 2F ii.^g ’ 1  a tm ^*- J h
   ( 1 0 - 1 )
w h ic h  S i e g l e  r e p o r t e d  ( 1 3 3 )  a s  # 1 * 1 2  k c a l ( m o l e  C2F ^ )  1 a t  2 9 8 ° K ,  
a n d  t h e  h e a t  c a p a c i t i e s -  o f  m a g n e s iu m  a n d  C ^ F ^  o v e r  t h e  r a n g e  
3 0 0 - 9 0 0 ° K  ( 1 1 # ) .
1 0 - 3 * 2 .  E x o t h e r m ic  R e a c t io n  o n  S u r f a c e  o f  B u r n in g  P e l l e t
E x a m in a t io n  1 o f  t a b l e  1 0 - 1  show s t h a t ,  f o r  a m b ie n t . ' 
c o m b u s t io n  p r e s s u r e s  b e lo w  2#0 t o r r  a p p r o x i m a t e l y ,  e n e r g y  . -,; ; •• 
t r a n s f e r  f ro m  f la m e  t o  p e l l e t  i s  i n s u f f i c i e n t  t o  b r i n g  a b o u t  
t h e  o b s e r v e d  b u r n i n g - r a t e s  o f  a n y  o f  t h e  c o m p o s i t io n s . .  F o r  •- 
h ig h  f u e l  r a t i o  c o m p o s i t io n s  G a n d  L ,  t h i s  i s  p r o b a b ly  t r u e  
e v e n  a t  7 6 0  t o r r .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  p o s t u l a t e  
t h a t  a n . e x o t h e r m ic  r e a c t i o n ,  o n  o r  n e a r  t h e  s u r f a c e  o f  t h e  
p e l l e t ,  b eco m e s  e f f e c t i v e * . / a t  a m b ie n t  p r e s s u r e s  o f  a p p r o x im a t e ly  
2 # 0  t o r r  f o r  c o m p o s i t io n s  E  a n d  F ,  a n d  a t  h i g h e r  a m b ie n t  
p r e s s u r e s  f o r  c o m p o s i t io n s  G a n d  L .  T h a t  a n  e x o t h e r m ic  v 
r e a c t i o n  o c c u r s  o n  . th e  s u r f a c e  o f  t h e  p e l l e t  i s  e v id e n c e d  
b y  t h e  p in h e a d s ,  o f  l i g h t  o b s e r v e d  d u r in g  lo w  p r e s s u r e  
c o m b u s t io n .  F u r t h e r m o r e ,  t h e  m o v in g  p l a t e  e x p e r im e n t s  
( s e c t i o n  7- 2 * 3 )  d e m o n s t r a t e  t h a t  t h e  f la m e  i s  n o t  n e c e s s a r y  
f o r  c o n s u m p t io n  o f  t h e  p e l l e t  a t  v e r y  lo w  a m b ie n t  p r e s s u r e s . *
T h i s  c o n c lu s io n  i s  n o t  c o n t r a d i c t e d  b y . t h e  o b s e r v a t i o n  t h a t  
b u r n in g  p e l l e t s  c a n  b e  e x t in g u i s h e d  b y  d e p r e s s u r i s a t i o n :  
i t  w as fo u n d  t h a t  o n l y  r a p i d  d e p r e s s u r i s a t i o n  i s  e f f e c t i v e  
i n  d o in g  so  a n d  t h i s  f a c t  s u g g e s ts  t h a t  t h e  p e l l e t s  a r e  , 
e x t in g u i s h e d  b e c a u s e  o f  t h e  a b r u p t  r e m o v a l' '  o f  o n e  o f  t h e  
r e a c t a n t s  f r o m  t h e  v i c i n i t y  o f  t h e  p e l l e t ' s  s u r f a c e ,  r a t h e r  
t h a n  t h r o u g h  t h e  e f f e c t  o f  r e d u c t i o n  i n  p r e s s u r e  o n  e i t h e r  v'r 
t h e  r a t e  o f  c h e m ic a l  r e a c t i o n  o r  o n  h e a t  t r a n s f e r  r a t e s .
■4 , F \
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.' y , T h e  r e q u i r e d  e x o t h e r m ic  r e a c t i o n  m u s t i n v o l v e  m a g n e s iu m  
s in c e  t h e  d e c o m p o s i t io n  o f  P TFE  t o  m onom er i s  a lw a y s  e n d o t h e r m ic *  
B e c a u s e  M gF2 w as fo u n d  o n , a n d  b e n e a t h ,  t h e  s u r f a c e  o f . e x t in g u i s h e d  
p e l l e t s ,  i t  i s  s u g g e s te d  t h a t  t h e  r e q u i r e d  r e a c t i o n  i s  e s s e n t i a l l y
O y C ^ F ^  ( g ) ;  +  Mg ( s )  —* -M g F 2 ( s )  +  C ( s )  •
' /  A H 900 =  - 1 9 0  k c a l  (m o le  M g) " 1
 . ( 10- 1 1 )
T a b le  1 0 - 2  sh o w s t h e  f r a c t i o n  o f  t h e  t o t a l  m e t a l  i n  e a c h  • • - ;
'C o m p o s it io n  w h ic h  m u s t u n d e r g o  r e a c t i o n  I I  i n  t h e  p e l l e t ,  i f  
c o n s u m p t io n  o f  t h e  p e l l e t  i s  t o ; b e  s e l f - s u s t a i n i n g .
C o n s i d e r i n g  t h e  o v e r a l l  c o m b u s t io n ,  a n d  t a k i n g  i n t o  
a c c o u n t  t h e  f a c t  t h a t  t h e  o v e r a l l  c o m b u s t i o n , r e a c t i o n  d o e s ; n o t  
go t o  c o m p le t io n  a t  lo w  a m b ie n t  p r e s s u r e s ,  i t  c a n  b e  sh o w n  
t h a t  r e a c t i o n  I I  a c c o u n t s  f o r  f r o m  k5°/o ( f o r  c o m p o s i t io n  E )  
t o  70%  ( f o r  c o m p o s i t io n  L )  o f  t h e  t o t a l  m e t a l  co n su m ed  I n  -  ,
c o m b u s t io n .
T a b le  1 0 - 2 .  D e g r e e  o f  S u r f a c e  R e a c t io n  r e q u i r e d
t o  S u s t a i n  C o m b u s tio n -
C o m p o s i t io n
E n e r g y  r e q u i r e d ,  ,  ^
c a l  Cg c o m p o s i t i o n ) , 
t o  co nsum e p e l l e t
F r a c t i o n  o f  t o t a l  m e t a l  
u n d e r g o in g  r e a c t i o n  I I  
w h ic h  p r o v i d e s  e n e r g y  - 4
D ' >##3 0 * 1 7
E # 1 3 0 * 1#  7 ,"  7i
F 365 0-092 .
L 326 0 - 0 6 9
I O - 3 . 3 . H y p o t h e s is  r e g a r d i n g  O b s e r v e d  B u r n in g - T im e - C u r v e s
( a )  C o m p o s it io n s  E  a n d  F  T
I t  i s  p o s t u l a t e d  t h a t  r e a c t i o n  I I ,  o c c u r r i n g  o n  o r  n e a r  
t h e  s u r f a c e  o f  t h e  p e l l e t ,  c o n t r o l s  t h e  r a t e  o f  b u r n in g  o f  -
M g /P T F E ' c o m p o s i t io n s  a t  lo w  a m b ie n t  p r e s s u r e s .  T h e  S -s h a p e d
p r e s s u r e / b u r n i n g - t i m e  c u r v e s  fo u n d  f o r  c o m p o s i t io n s  E  a n d  F  ' X  - 
( f i g s .  8- 2 , 8-3  a n d  8 - 4 ) ,  a r e  e x p l i c a b l e  i f  i t  i s  f u r t h e r  ./ v ‘ 
p o s t u l a t e d  t h a t  r e a c t i o n  I I  h a s  a  s lo w  i n i t i a l  s t e p .  ( T h i s  ‘" X '  
m ig h t  b e  t h e  r e m o v a l  o f  t h e  o x id e  c o a t i n g  o n  t h e  m e t a l  :,\ - 3 3  .
p a r t i c l e s ) . -  T h u s ,  a t  a m b ie n t  p r e s s u r e s  n e a r  .760 t o r r ,  t h e  
h ig h  h e a t  f l u x  f r o m  t h e  f la m e  i s  r e s p o n s ib le  f o r  d e g r a d in g  
th e ; p o ly m e r  o n  t h e  s u r f a c e  o f  t h e  p e l l e t , a n d  t h e  m e t a l  
p a r t i c l e s  a r e  e j e c t e d  b y  t h e  e s c a p in g  m onom er b e f o r e  
a p p r e c i a b l e  f l u o r i n a t i o n  o f  t h e  m e t a l  t a k e s  p l a c e .  A s  t h e  
a m b ie n t  p r e s s u r e  i s  r e d u c e d ,  t h e  h e a t  f e e d b a c k  f r o m  f la m e  
t o  p e l l e t  d e c r e a s e s  so  t h a t  t h e  r a t e  o f  p o l y m e r - d e g r a d a t i o n  
s lo w s  d o w n . T h e  m e t a l  p a r t i c l e s  b e g in  t o  s p e n d  a  r e l a t i v e l y  
l o n g e r  t im e  o n  t h e  s u r f a c e  o f  t h e  p e l l e t  a n d  t h e  e x t e n t  o f  
r e a c t i o n  I I .  i n c r e a s e s .  T h e  p o s i t i v e  s lo p e  r e g i o n  o f  t h e  
p r e s s u r e / b u r n i n g - t i m e  c u r v e s  i s  t h o u g h t  t o  b e  t h e  t r a n s i t i o n  - 
b e tw e e n  tw o  d i s t i n c t  b u r n i n g  r e g im e s ;  i n  o n e  o f  w h ic h  ( h ig h  
a m b ie n t  p r e s s u r e s )  e n e r g y  fe e d b a c k  fro m  t h e  f la m e  c o n t r o l s  th e *  
r a t e  o f  p o ly m e r  d e g r a d a t i o n ,  i n  t h e  o t h e r  ( l o w  a m b ie n t  p r e s s u r e s ) * ,  
r e a c t i o n  I I  p r o v i d e s  t h e  e n e r g y  t o  d e g ra d e  t h e  PTFE .- . ’
T o  a c c o u n t  f o r  t h e  o b s e r v e d  p r e s s u r e  d e p e n d e n c e  o f  t h e  
b u r n in g  t im e  a t  lo w  a m b ie n t  ( a r g o n  o r  o x y g e n )  p r e s s u r e ,  t h e  
r a t e  o f  r e a c t i o n .  I I  m u s t b e  p r e s s u r e  d e p e n d e n t .  A l t h o u g h  t h e  
e x p o s e d  s u r f a c e  o f  a  m e t a l  p a r t i c l e  o n  t h e  t o p  o f  a  b u r n in g  
p e l l e t  w i l l  b e  o x i d i s e d  b y ; C ^ F ^  a t  t h e  a m b ie n t  c o m b u s t io n  ‘ 3 .
p r e s s u r e ,  t h e  r e s t  o f  t h e  m e t a l  p a r t i c l e  i s  as su m e d  t o  b e  
im b e d d e d  i n  p o ly m e r .  T h e  m onom er i s  t h o u g h t  t o  b e  p ro d u c e d -  
m a in ly  a t  t h e  i n t e r f a c e  o f  m e t a l  a n d  p o ly m e r  p a r t i c l e s  a n d  
w i l l  b e  a t  a  p r e s s u r e  a b o v e  a m b ie n t .  T h e  m e t a l  p a r t i c l e  i s  
e j e c t e d  f ro m  t h e  s u r f a c e  o f  t h e  p e l l e t  b y  u n b a la n c e d  c o l l i s i o n s  
w i t h  t h i s  e s c a p in g  m o n o m e r. T h e  r a t e  o f  m onom er p r o d u c t i o n  w i l l  
i n c r e a s e  e x p o n e n t i a l l y  w i t h  - t im e  u n t i l  t h e r e  i s  s u f f i c i e n t  p r e s s u r e  
d e v e lo p e d  t o  t h r o w  t h e  m e t a l  p a r t i c l e  f ro m  t h e .  s u r f a c e .  H o w e v e r ,  
th e . r a t e  o f  C ^ F ^  p r o d u c t i o n ,  a n d  t h e r e f o r e  t h e  r a t e  o f  e l a s t i c  
c o l l i s i o n s  b e tw e e n  C 2F ^  a n d  m e t a l  p a r t i c l e ,  r e q u i r e d  t o  e j e c t  
a  m e t a l  p a r t i c l e  w i l l  d e c r e a s e  w i t h  d e c r e a s e  i n  a m b ie n t  p r e s s u r e .
T h u s ,  a t  p r o g r e s s i v e l y  l o w e r  a m b ie n t  p r e s s u r e s ,  a n  i n c r e a s i n g  
a m o u n t o f  r e a c t i o n  I I  w i l l  t a k e  p la c e  a f t e r ,  t h e  m e t a l  p a r t i c l e  
h a s  l e f t  t h e  s u r f a c e  o f  t h e  p e l l e t .  A s  a  r e s u l t ,  t h e  h e a t -  , 
a v a i l a b l e  a t  t h e  s u r f a c e  o f  t h e  p e l l e t  w i l l  d e c r e a s e ,  a n d  
t h e  b u r n i n g - t i m e  i n c r e a s e ,  a t  a m b ie n t  p r e s s u r e s  lo w e r ,, t h a n  A  
t h e  s e c o n d  t u r n i n g  p o i n t  i n  t h e  p r e s s u r e /b u r n in g - r t im e  c u r v e . *  - 
(F ro m  t h i s  p o i n t  o f  v i e w ,  t h e  f i r s t  t u r n i n g  p o i n t  c o r r e s p o n d s  
a p p r o x i m a t e l y  w i t h  t h e  a m b ie n t  p r e s s u r e  f o r  m axim um  r e s id e n c e  
t im e  o f  a  m e t a l  p a r t i c l e  o n  t h e  s u r f a c e ) .  . .
I n  t h e  lo w - p r e s s u r e  r e g im e ,  t h e  m e t a l  p a r t i c l e s  a r e  
v i s u a l i s e d  a s  a c q u i r i n g  a  c o a t i n g  o f  M gF2 s o o n i a f t e r  t h e y  
l e a v e  t h e  s u r f a c e  o f  t h e  p e l l e t .  I n  t h e  t e m p e r a t u r e  g r a d i e n t  
b e tw e e n  f la m e  a n d  p e l l e t ,  t h e  M gF^ m e l t s ,  th u s ,  a l l o w i n g  
g a s e o u s  C ^ F ^  o r  F ^  t o  d i f f u s e  i n t o  t h e  u n r e a c t e d  i n t e r i o r  m e t a l .  
T h e  u n r e a c t e d  m e t a l  e v e n t u a l l y  b o i l s  s w e l l i n g  a n d  b u r s t i n g  t h e  
p a r t i c l e  a n d  t h u s  g i v i n g  r i s e  t o  t h e  h o l lo w  g la s s y  s p h e r e s  
o b s e r v e d  i n . t h e  m o v in g  p l a t e  e x p e r im e n t s  ( s e c t i o n  7 - 2 . 3 ) •
I n  g e n e r a l ,  t h e  b u r n i n g - t i m e  o f  a  g iv e n  c o m p o s i t io n  c a n
b e  r e p r e s e n t e d  a s  t h e  w e ig h t e d  s u m -o f  tw o  d i s t i n c t  r a t e s ,  B .
- 1  s
a n d  B ^  ( s  i n  ) :
B =  xB  +. yB  -  / a
s  f
( 1 0 - 2 )
w h e re  B ^  i s  t h e  r a t e  w h en  r e a c t i o n  I I  i s  s o l e l y  r e s p o n s i b l e  f o r  
t h e  d e c o m p o s i t io n  o f  t h e  p o ly m e r  a n d  B ^  i s  t h e  r a t e  w hen  t h e  
h e a t  f e e d b a c k  f r o m  t h e  f la m e  i s  s o l e l y  r e s p o n s i b l e .  T h e  , y
' I n  a n  a m b ie n t  a tm o s p h e r e  o f  a i r ,  i n  c o n t r a s t  t o  o x y g e n  o r  , y
a r g o n  a tm o s p h e r e s ,  t h e  b u r n in g  r a t e  w as o b s e r v e d  t o  b e  
n e a r l y  in d e p e n d e n t  o f  p r e s s u r e  i n  t h e  lo w  p r e s s u r e  r e g im e  ’ y  • . 
( f i g .  8- 8 ) .  A l t h o u g h  t h e  m e c h a n is m  i s  n o t  c l e a r  a n d  f u r t h e r  , 
e x p e r i m e n t a l  e v id e n c e  i s  r e q u i r e d ,  i t  i s  t h o u g h t  t h a t  m o is t u r e  
i n  t h e  a i r  i s  r e s p o n s i b l e  f o r  t h i s  e f f e c t .  T h e  v o lu m e  o f  t h e  
c o m b u s t io n  c h a m b e r i s  i m p o r t a n t  b e c a u s e  t h e  a m o u n t o f  r e a d i l y  
a v a i l a b l e  B^O i s  e f f e c t i v e l y  d e t e r m in e d  b y  t h i s  v o lu m e  
( f i g s .  8 - 3  a n d  8 - 7 ( b ) ) .  T h e  s i z e  o f  t h e  p e l l e t  i s  i m p o r t a n t  .
b e c a u s e  t h e  h e a t  o u t p u t  o f  t h e  p e l l e t ,  r e l a t i v e  t o  t h e  
v o lu m e  o f  t h e  c h a m b e r , c o n t r o l s  t h e  r a t e  o f  c o n v e c t io n  w h ic h - , 
c a r r i e s  t h e  H^O t o  t h e  s u r f a c e  o f  t h e  p e l l e t .  y  y y  A : . 4
210 -
r e l a t i v e  v a l u e s  o f  x  a n d  y  d e p e n d  o n  p r e s s u r e  f o r  a  g iv e n  
c o m p o s i t io n .  F o r  c o m p o s i t io n s  E  a n d  F ,  x  i s  m uch l e s s  t h a n  TO* 
y  i n  t h e  h ig h  p r e s s u r e  r e g im e ,  a n d  v i c e - v e r s a  i n  t h e  lo w . TO'"' . ■ 
p r e s s u r e  r e g im e .  T h e  o c c u r r e n c e  o f  a  p o s i t i v e  s lo p e  r e g i o n ;  • v X  
i n  t h e  r e s u l t a n t  b u r n i n g - t i m e / p r e s s u r e  c u r v e  i s  i l l u s t r a t e d  TO 
i n  f i g .  10- 2 .
T h e r e  m ay b e  a  t h e o r e t i c a l  l i m i t  t o  t h e  r a t e  a t  w h ic h  
r e a c t i o n  I I  c a n  t a k e  p la c e  o n  t h e  s u r f a c e  o f  t h e  p e l l e t .  T h i s  7 
w o u ld  b e  t h e  c a s e  i f  M gF^ fo rm s  a  p r o t e c t i v e  c o a t i n g .  onTO;-r 
m a g n e s iu m . I t  i s  k n o w n  t h a t ,  i n  t h e  c a s e  o f  s lo w  s u r f a c e ,  
o x i d a t i o n  o f  a  m e t a l ,  ; t h e  o x id e  c o a t i n g  i s  p r o t e c t i v e ,  TO, * TO
t h a t  i s ,  p r e v e n t s  f u r t h e r  o x i d a t i o n  o f  t h e  i n t e r i o r  m e t a l , ,  
i f  t h e  P i l l i n g - B e d w o r t h  r a t i o  i s  a b o u t  1 * 4  ( s e c t i o n  3 - 2 ) .  •
A l t h o u g h  t h e  P i l l i n g - B e d w o r t h  r a t i o  i s  o n l y  a p p l i c a b l e  ■ 
s t r i c t l y  t o  o x id e  c o a t i n g s  -  a n d  i s - n o t  u n i v e r s a l l y  a p p l i c a b l e  
e v e n  t h e n  -  i t  i s  o f  i n t e r e s t  t o  f i n d  t h a t  t h e  r a t i o  i s  1•39  v
t o  1*53  f o r  M gF^ ( t h e  d e n s i t y  o f  M gF2 i s  ,3*2 t o  2 * 9 , a n d , o f  
m a g n e s iu m  1 * 7 4 ) .  I t  i s  t h e r e f o r e  c o n c e iv a b le  t h a t ,  t h e  r a t e  
o f  . f l u o r i n a t i o n  o f  t h e  m e t a l  p a r t i c l e s '  i s  d r a s t i c a l l y  re d u c e d ,  
w hen  a  fe w  m ic r o n s  o f  e a c h - m e t a l ;  s p h e r e  h a v e  r e a c t e d .  . . .
( b )  C o m p o s i t io n s  D ,  L  a n d  G
On t h e  b a s i s  o f  t h e  p r o p o s e d  c o m b u s t io n  m e c h a n is m , t h e .  
f r a c t i o n  o f  m a g n e s iu m  i n  a  c o m p o s i t io n  w o u ld  b e  e x p e c t e d  t o  
a f f e c t  t h e  p r e s s u r e / b u r n i n g - t i m e  . . c h a r a c t e r i s t i c s  i n  tw o  - w a y s .
I f  t h e  m e t a l  f r a c t i o n  i s  lo w  t h e  r e a c t i o n  o n  t h e  p e l l e t  s u r f a c e  ; 
m ay n o t  b e  s u f f i c i e n t  t o  m a i n t a i n  c o m b u s t io n  a t  r e d u c e d  -a m b ie n t  
p r e s s u r e s .  T h i s  a p p e a r s  t o  a p p ly  i n  t h e  c a s e  o f  c o m p o s i t io n  D
( f i g .  8 - 1 ) .  W hen t h e  m e t a l  f r a c t i o n  i s  h ig h ,  r e a c t i o n  I I ,  o n  ' -
t h e  s u r f a c e  o f  t h e  p e l l e t , w o u ld  p r o b a b ly  o c c u r  t o  a  s i g n i f i c a n t  
e x t e n t  e v e n  a t  '760 t o r r ,  ( p r o v i d e d  t h a t  t h e  s lo w  i n i t i a l  s t e p  
i s  n o t  z e r o  o r d e r - . w i t h  r e s p e c t  t o  m a g n e s iu m ) TO , T h a t  t h i s  h a p p e n s  
w i t h  c o m p o s i t io n  L  i s  s u g g e s te d  b y  t a b l e  1 0 - 1 ,  w h ic h  show s t h a t  
e n e r g y  f e e d b a c k  f r o m  th e -  f la m e  i s  p r o b a b ly  n o t  s u f f i c i e n t , *  b y  
i t s e l f ,  t o  g iv e  t h e  b u r n i n g - t i m e  o b s e r v e d  a t  760 t o r r .
B e c a u s e  r e a c t i o n  I I  i s  a p p r e c i a b l e  a t  a l l  a m b ie n t  p r e s s u r e s ,  
t h e  p r e s s u r e / b u r n i n g - t i m e  c u r v e  f o r  L  ( f i g .  8 - 5 )  h a s  n o ' r e g i o n
o f  p o s i t i v e  s l o p e ,  a l t h o u g h  a  t u r n i n g  p o i n t  i s  c l e a r l y  e v i d e n t .
TO. -TO• TO-..;-:
.7 TO./.TOX/'-TOTO' XTOTO-TOftTOr lTO rTO *“ -4 >  .'’-/-TO 'TO-;TO3;vTOVTOTO' V, -.'.7- ‘ .7 /■ ■■:. 777.fay,ft,77;.
TOrTO; TOft-TO'ft "TOTO ;TOTOvft.ft ;TO\TO -/TO./;/; 7;-'7':7TO77:'TO;.l;77 77X 73 77  '737TO7vr7A;:7.TOftTO,lTO-: TOTO-XTO /TOTO/fa-TO
-  211 -
T h e  p r e s s u r e / b u r n i n g - t i m e  c u r v e  o f  t h e  a n t h r a c e n e - , /  y 
c o n t a i n i n g  c o m p o s i t io n  ( f i g .  8 - 6 )  i s  i n t e r m e d i a t e  i n  s h a p e  
b e tw e e n  t h o s e  o f  L  a n d  F ,  a n d  t h e  b u r n i n g - t i m e  a t  ? 6 0  t o r r  -1. 
i s  c l o s e r  t o  t h a t  o f  F  t h a n ,  a s  w o u ld  b e  e x p e c t e d  fro m ' t h e • 
f r a c t i o n  o f  m e t a l  i n  t h e  c o m p o s i t io n ,  t o  t h a t  o f  L .  T o  b e  
c o n s i s t e n t  w i t h  t h e  h y p o t h e s is ,  a n t h r a c e n e  i s  p o s t u l a t e d  a s  
a c t i n g  i n  s u c h  a  w ay  a s  t o  r e d u c e  t h e  e x t e n t  o f  t h e  s o l i d  
s t a t e  e x o t h e r m ic  r e a c t i o n  I I  a t  7 6 0  t o r r .  I t  c o u ld  do t h i s  y ;  
b y  c a t a l y t i c a l l y  i n c r e a s i n g  t h e  d e g r a d a t io n  . r a t e  o f  t h e  
P T F E ; b y  i n c r e a s i n g  t h e  e j e c t i o n  r a t e  o f  t h e  m e t a l  p a r t i c l e s  
b e c a u s e  o f  t h e  in c r e a s e d  a m o u n t o f  g a s  p r o d u c e d  i n  t h e  p e l l e t  
( t h e  b o i l i n g  p o i n t  o f  a n t h r a c e n e  i s  615°K  a t  760 t o r r ) ; o r  b y  
a d s o r b in g  o n  t h e  m e t a l  p a r t i c l e s  t h u s  p a r t i a l l y  p r e v e n t i n g  
a t t a c k  b y  O ^ F ^  m o n o m er.
T h e r e  i s  n o  p u b l is h e d  i n f o r m a t i o n  o n , t h e  e f f e c t  o f  
a n t h r a c e n e  o n  t h e ; d e g r a d a t i o n  r a t e  o f  P T F E . T o lu e n e  v a p o u r
a n d  a r e  b o t h  r e p o r t e d  ( 1 3 2 )  t o  h a v e  a n  i n i t i a l  i n h i b i t o r y ,  
e f f e c t  o h  d e g r a d a t i o n  a t  7 5 0 - 8 0 0  K , b u t  a s  d e g r a d a t i o n  p r o c e e d s
t h e y  a p p e a r ' t o  g iv e  a n  e n h a n c e d  r a t e  ( a s  c o m p a re d  w i t h '  d e g r a d a t i o n '
i n  a  vacu u m  o r  u n d e r  N ^ ) . I n s t e a d  o f  m o n o m er, t h e  i n h i b i t e d
r e a c t i o n s  w e re  fo u n d  t o  g iv e  l a r g e r  m o le c u la r  f r a g m e n t s  a n d ,*  
i n  a d d i t i o n ,  H F , p r o d u c e d  b y  d e f l u o r i n a t i o n  o f  t h e  p o ly m e r .  
C a t a l y t i c  e f f e c t  o n  t h e  d e g r a d a t i o n  r a t e  w as fo u n d  ( 1 3 2 )  w it h '
0 2  a n d  N O . A l t h o u g h  s o l i d s  a r e  r e p o r t e d  ( 136 ) t o  b e , g e n e r a l l y
i n e f f e c t i v e  i n  i n f l u e n c i n g  t h e  r a t e ,  c a rb o n  b l a c k  w as fo u n d  ( 13 7 ) 
t o  e n h a n c e  t h e  r a t e  a t  a p p r o x i m a t e l y  2 0 $  c o n v e r s io n  a l t h o u g h  
i t  h a s  a n  i n i t i a l  r e t a r d i n g  e f f e c t  ( 700- 835° K ) ..
( c )  C o m p o s i t io n  F L /B
A t  lo w  p r e s s u r e s ,  t h e  e n e r g y  t o  d eco m p o se  t h e  p o ly m e r  
i s  a v a i l a b l e  m a in ly  a t  t h e  i n t e r f a c e  o f  p o ly m e r  a n d  m e t a l  
p a r t i c l e s ,  a t  w h ic h  r e a c t i o n  I I  i s  p o s t u l a t e d ,  t o  t a k e  p l a c e .  
T h e  s u r f a c e  a r e a  p r o v i d e d  b y  t h e  2 0 0 p p o ly m e r  p a r t i c l e s  i n  
c o m p o s i t io n  F L /B  i s  l e s s  t h a n  t h a t  a v a i l a b l e  i n  s i m i l a r  
c o m p o s i t io n s  w i t h ' 1 0  o r  3 0 p  P TFE  p a r t i c l e s .  T h i s  p r o b a b ly  
e x p la in s ,  w hy F L /B  p e l l e t s  h a v e  l o w - p r e s s u r e  b u r n i n g - t i m e s  
s i g n i f i c a n t l y  l o n g e r  t h a n  t h e  b u r n i n g - t i m e s  o f  o t h e r  5 0 $  Mg! 
p e l l e t s .  ... V : - y f ; , '
fyyk  /■73;/:34y:yy:;:Xy:y;;:;_7y : _ y V  y
On t h e  o t h e r 'h a n d ,  a t  a m b ie n t  p r e s s u r e s  .a t  w h ic h  h e a t  
f l u x  f r o m  t h e  f la m e  i s  t h o u g h t  t o  c o n t r o l  t h e  b u r n i n g - t i m e ,  
c o m p o s i t io n  F L /B  b u r n s  c o n s i d e r a b l y  f a s t e r  t h a n  o t h e r  90% Mg 
c o m p o s i t io n s .  Some i n s i g h t  i n t o  t h i s -  c a n  b e  o b t a in e d  b y  , A . >,* 
e x a m in in g  t h e  h e a t  c o n d u c t io n  i n  a  p e l l e t  d u r in g  c o m b u s t io n .
.T h is  i s  d o n e  i n  A p p e n d ix  A 5 w h e r e ,  u s in g  t h e  m e a s u re d  b u r n in g  
t i m e s ,  a s s u m in g  a  p e l l e t  s u r f a c e  t e m p e r a t u r e  o f  9 0 0 ° K  a n d  
t a k i n g  a  c o n s e r v a t iv e  .v a lu e  f o r  t h e  t h e r m a l  c o n d u c t i v i t y ,  
t h e  e x t e n t  o f  t h e  t e m p e r a t u r e  g r a d i e n t  b e n e a th  t h e  s u r f a c e ,  
o f  a  b u r n in g  p e l l e t  i s  c a l c u l a t e d .  T h e  t im e  t a k e n  f o r  a  
s i n g l e  p o ly m e r  p a r t i c l e  t o  p a s s  t h r o u g h  t h e  t e m p e r a t u r e  - 
. g r a d i e n t  and. e m e rg e  o n to  t h e  b u r n in g  s u r f a c e  i s  t h e n  f o u n d .  
F i n a l l y ,  u s in g  s t a n d a r d  r e s u l t s  ( 138) f o r  a  s p h e r e  w h o se  
s u r f a c e  t e m p e r a t u r e  i n c r e a s e s  a t  a  l i n e a r  r a t e ,  t h e  t im e  
r e q u i r e d  t o  h e a t  t h e  i n t e r i o r  o f  a  p o ly m e r  p a r t i c l e  t o  
80 p e r .  c e n t  o f  i t s  s u r f a c e  i s  f o u n d .  T h e  r e s u l t s  a r e  
g iv e n  i n  t a b l e  10- 3 *
T a b le  1 0 - 3 -  T e m p e r a t u r e  G r a d ie n t  i n  P e l l e t s ,
a n d  H e a t i n g  T im e s /- o f  . P o ly m e r;  P a r t i c l e s
C o m p o s i t io n
P TFE
p a r t i c l e  
s i z e ,
M
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o f  te m p ,  
g r a d i e n t  
i n  p e l l e t , 
M
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PTFE  
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T im e  f o r  
P TFE  p a r t i c l e  
t o  p a s s  
t h r o u g h  tem p."  
g r a d i e n t , m s .
T im e  f o r  
■ p a r t i c l e  
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D (3 0 %  M g) 3 0 .TO 780 6.00 10#0 2
F  (50 %  M g) 3 0  * 600 1#50 #10 • 7 2
L  (6 0 %  M g) 3 0 y  180 2 0 0 0 0 3 0 2
F /L B  (5 0 %  M g) 2 0 0 ~*180 ~  2 0 0 0 0 ~ 3 0 ‘ 9 0
I t  i s  s e e n  t h a t  f o r  a l l  c o m p o s i t io n s  w i t h  3 0  m  P TFE  p a r t i c l e s ,  
t h e  t im e  r e q u i r e d  f o r  a  u n i f o r m  t e m p e r a t u r e  t o  b e  e s t a b l i s h e d  
t h r o u g h o u t '  a  p o ly m e r  p a r t i c l e  i s  s h o r t  c o m p a re d  t o  t h e  t im e  s p e n t  
p a s s in g  t h r o u g h  t h e  t e m p e r a t u r e  g r a d i e n t .  T h i s  c o n f i r m s  t h a t  e a c h  
P TFE  p a r t i c l e  o n  t h e  s u r f a c e  o f  a  b u r n in g  p e l l e t  c a n  b e  a t  a  
u n i f o r m  t e m p e r a t u r e  o f  9 0 0 ° K  a n d  c a n  d e g r a d e . " i n  b u l k "  ( 1 3 9 )
A y  4 I n  c o n t r a s t , 2 0 0 M / p o ly m e r ' p a r t i c l e s  d o . r i o t ' e q u i l i b r a t e  
i n  p a s s in g  t h r o u g h  t h e  t e m p e r a t u r e  g r a d i e n t ;  in d e e d ,  t h e  g r a d i e n t  
e x t e n d s  i n t o  t h e  p e l l e t  tb v  a  d is t a n c e  l e s s  t h a n  th e .  p a r t i c l e . v •' y  
d ia m e t e r .  T h i s '  s u g g e s t s  t h a t ,  , in -; c o m p o s i t io n  FL/Bto b u r n in g  V a t / ' A y  
h ig h  a m b ie n t  p r e s s u r e s , t h e  p o ly m e r  /d e g r a d e s .  i n  a n  a b l a t i v e y ^  Af -  
m a n n e r ( 139 ) *  m o s t o f  t h e  ( h i g h )  h e a t  f l u x  f ro m  t h e  f la m e  i s  y.V.[A  
u s e d  i n  d e g r a d i n g . a  n a r r o w  p o ly m e r  l a y e r  ( w h ic h  i s  a t  t b m p e r a t i f o e  
m uch h i g h e r  t h a u  9 0 0 ° K )  a n d  t h e r e  i s  l i t t l e  h e a t  c o n d u c t io n  i n t o  
t h e  i n t e r i o r  -o f  t h e  p e l l e t  A /' A : A y / y  >  y A * ■ f 7% -V;
v .; I f  i s  t h o u g h t  t h a t  a b l a t i v e  d e g r a d a t i o n  6 y P T F E  p r o v id e s ;  
a  b a s i s  f o r .  e x p l a i n i n g  t h e  h ig h - p r e s s u r e  b u r n i n g  c h a r a c t e r i s t i c s  
o f  F L /B  p e l l e t s '  b u t  t h e r e  . i s  .a  n e e d  f o r  m o re .; e x p e r i m e n t a l  , ; :
o b s e r v a t i o n s  o n  t h i s  t y p e  o f  c o m p o s i t io n .  - .A  '•••'■' A y '  y  ‘ A A  -A A V y
1 Q - 3 » # .  ’ U n r e a c t e d  M a g n e s iu m  in .  C o m b u s t io n  P r o d u c t s
• ' I n / t h e  . l o w - p r e s s u r e ,  r e g im e ,  in c o m p le t e  c o n s u m p t io n  . 6 f  A y A
t h e  p o ly m e r . w o u ld  b e  e x p e c t e d  fro m : t h e  f a c t  t h a t  t h e  p o l y m e r / y y  
p a r t i c l e s  a r e  H e a t e d  . p r i m a r i l y  a t  t h e i r  p o i n t s '  o f  c o n t a c t  w i t t y  A  
m e t a l  p a r t i c l e s ;  w h e n  [ t h e  r i ie t a l  p a r t i c l e  i s  e j e c t e d  t h e  m o n o m e r .'- 
p r o d u c t i o n  c e a s e s  a t  t h o s e  p o i n t s .  P o ly m e r  p a r t i c l e s ; ; . a r e - %*;y f A A y :' 
e v e n t u a l l y  th ro w n - o f f  t h e  s u r f a c e , a rid  may r e a c h  t h e  » f la m e  i f  y .  
t h e  p e l l e t - t o - f l a m e  d is t a n c e  i s  n o t  t o o  g r e a t .  - H o w e v e r ,  a t  t h e  : 
lo w e s t  a m b ie n t  p r e s s u r e s ,  t h e  am o u n t o f  r e a c t i o n .  I I  o c c u r r i n g 1 •. Av­
on  t h e  s u r f a c e  d e c r e a s e s , ,  w h i l e  t h e  p e l l e t  - 1 o - f l a m e  d is t a n c e  A- AA  
i n c r e a s e s .  T h e  h ig h  v a l u e  o f  u n r e a c t e d  m e t a l  i n  t h e  s o lid V V rA /A Y  
p r o d u c t s  o f  c o m b u s t io n  a t  lo w  a m b ie n t  p r e s s u r e  ( f i g . .  9 - 2 )  
i s  p h r t l y  a c c o u n te d ;  f o r  b y  lu m p s : o f  u h d e c o m p o s e d ; p o ly m e r  -A; y A -  A /  
( s e c t i o n  S b * 1 . 3 ( b ) ) .  B u t  i t  i s  f e l t  t h a t ,  i n  a d d i t i o n ,  t h e  A A  • V V y y  
f la m e  r e a c t i o n s  do n o t  go t o  c o m p le t io n ,  p o s s i b l y  o n  a c c o u n t  
o f  t h e  c h a n g e d  p r o p o r t i o n  o f  r e a c t a n t s .  A  AA :, " y  ■ A" - A "  A
, •• : / A  v a l u e  o f  u n r e a c t e d  m a g n es iu m  l e s s  t h a n  t h a t  e x p e c t e d  
f ro m  s t o i c h i o m e t r y  i s  a l s o - c o n s i s t e n t  w i t h  th e 'm e c h a n is m  . .o f  [f A A # y  
c o m b u s t io n  p r o p o s e d . ,  ; S u c h  a  m in im u m  v a l u e ,  o f / w h i c h  [ . t r i e r  e v r ire V 'A / 
some i n d i c a t i o n s  ( s e c t i o n  9 - 1 - 3 ( c ) ) ,  w o u ld  b e  e x p e c t e d  a f  a n / A y :  
a m b ie n t  p r e s s u r e  a t  w h i c h / t h e  e x o t h e r m ic  r e a c t i o n  o n  t h e . s u r f a c e  
o f  t h e  p e l l e t  i s  b e c o m in g  d o m in a n t ' ( 2 0 0  t o r r  f o r  c o m p o s i t io n  F ) .
S in c e  t h e  h e a t  f l u x  f r o m  t h e  f la m e  i s  lo w ,  t h e  m e t a l  p a r t i c l e s  ; ■ :/
s t a y  o n  t h e  s u r f a c e  o f  t h e  p e l l e t  f o r  a  r e l a t i v e l y  lo n g  t i m e , / •
a n d  some p a r t i c l e s  c a n  a c q u i r e  a  d e e p  f l u o r i d e  c o a t i n g .  ' /
F u r t h e r m o r e ,  t h e  f la m e  r e a c t i o n - z o n e  i s  n e a r  t h e  p e l l e t  a t  V ; 4 
,2 0 0  t o r r  ( f i g .  7 - 2 )  a n d  t h e  l e n g t h  o f  t h e  f la m e  r e a c t i o n - z o n e
i s  s m a l l  (6mm fr o m  f i g .  7 - 3 ) >  i n  a d d i t i o n ,  t h e  e n e r g y  a v a i l a b l e  ; ; 7
f o r . v a p o r i s i n g  M gF^ i n  t h e  f la m e  i s  lo w  ( t a b l e  A 4 - 1 ) . I t  - i s  
c o n c e iv a b le ,  t h e r e f o r e ,  t h a t  some o f  t h e  m e t a l  p a r t i c l e s 1 go  
t h r o u g h  . t h e  f la m e  w i t h o u t  l o s i n g  t h e i r  c o a t  o f  f l u o r i d e . y i . / y
1 0 - 3 . 5 *  S um m ary .
T h e  b u r n i n g - r a t e  o f  a  M g /P T F E  c o m p o s i t io n ,  w h ic h  i s
e s s e n t i a l l y  t h e  d e c o m p o s i t io n  r a t e  o f  t h e  p o ly m e r ,  i s  c o n t r o l l e d
b y  t h e  r a t e  o f  e n e r g y  f e e d b a c k  f r o m  f la m e  t o  p e l l e t , w hen  
c o m b u s t io n  t a k e s  p l a c e  a t  h ig h  a m b ie n t  p r e s s u r e s .
A t  a m b ie n t  p r e s s u r e s  l e s s  t h a n  2 0 0  t o r r ,  i t  i s  •• .......
- • ' y iy • ,.. 3  .
p o s t u l a t e d  t h a t  t h e  b u r n i n g  r a t e  i s  c o n t r o l l e d  b y  t h e  e x o t h e r m ic
r e a c t i o n  - - -v r ; ' 1
• ' ' ' : :
Mg ( s )  +  0 - 5 0 ^  ( g )  — -M g F 2  ( s )  + .G  ( s )  +  A H r e a c t  7 /
t a k i n g  p la c e '  o n , o r  n e a r ,  t h e  s u r f a c e  o f  t h e  b u r n in g  p e l l e t .  .
On t h e  s u r f a c e  o f  t h e  p e l l e t , t h e  r e a c t i o n  i s  c o n s id e r e d  t o  y  v . 
t a k e - p l a c e  p r i m a r i l y  a t  t h e  i n t e r f a c e  o f  m e t a l  a n d 'p o ly m e r  
p a r t i c l e s .  7 .7 •
T h i s  r e a c t i o n , i s  p o s t u l a t e d  a s  h a v in g  a  s lo w  i n i t i a l  
. s t e p ,  so  t h a t  a t  h ig h  a m b ie n t  p r e s s u r e s ,  w h en  h e a t  f l u x  f ro m  
f la m e  t o  p e l l e t ’ i s  h i g h ,  t h e  m e t a l  p a r t i c l e s  a r e  e j e c t e d  f ro m  
t h e  s u r f a c e  o f  t h e  p e l l e t  b e f o r e  t h e y  a r e  a p p r e c i a b l y  
f l u o r i n a t e d .  •
T h e  t r a n s i t i o n  f ro m  f l a m e - c o n t r o l l e d  t o  s u r f a c e  r e a c t i o n  
c o n t r o l l e d  c o m b u s t io n  e x p l a i n s , q u a l i t  a t  i v e l y , w hy o v e r  a  r a n g e  
o f  i n t e r m e d i a t e  p r e s s u r e s ,  t h e  b u r n i n g - t i m e s  o f  some c o m p o s i t io n s  
w e re  o b s e r v e d  t o  d e c r e a s e  a s  t h e  p r e s s u r e  w as d e c r e a s e d .  . y.
fa 215 -
W hen t h e  p e l l e t  c o n t a i n s  a  h ig h  p e r c e n t a g e  o f  m a g n e s iu m ,  
e x o t h e r m ic  r e a c t i o n  o n  t h e  s u r f a c e  o f  t h e  p e l l e t  o c c u r s  a t  a l l  ft 
a m b ie n t  p r e s s u r e s .  H o w e v e r ,  t h e  a d d i t i o n  o f  a n t h r a c e n e  t o  t h e  „ ; 
c o m p o s i t io n  r e d u c e s  t h e  e x t e n t  o f  t h e  s u r f a c e  r e a c t i o n  a t  t h e  
h i g h e r  p r e s s u r e s .
I f  t h e  p e l l e t  h a s  a  lo w  m a g n e s iu m  c o n t e n t , o r  h a s  
l a r g e  ( 2 0 0  fx )  p o ly m e r  p a r t i c l e s ,  t h e  s u r f a c e ,  r e a c t i o n  i s  n o t  -TO 
e x t e n s i v e  en o u g h  t o  m a i n t a i n  c o m b u s t io n  i n  t h e  lo w - p r e s s u r e  
r e g i m e .
I n  t h e  h i g h - p r e s s u r e  ( f l a m e - c o n t r o l l e d )  r e g im e - .a  
c o m p o s i t io n  w i t h  l a r g e  p o ly m e r  p a r t i c l e s  b u r n s  f a s t e r  t h a n  one, . 
w i t h  s m a l l e r  p a r t i c l e s ,  a n d  t h i s  i s  th o u g h t  t o  b e  d u e  t o  a b l a t i v e  
d e c o m p o s i t io n  o f  t h e  l a r g e r  p a r t i c l e s .  3
H e a t  t r a n s f e r  c a l c u l a t i o n s , a n d  o b s e r v a t i o n s ,  d u r in g  
- lo w  p r e s s u r e  c o m b u s t io n ,  o f  t h e  s u r f a c e  o f  b u r n in g  p e l l e t s  a n d  
t h e  p a r t i c l e s  l e a v i n g  t h e  s u r f a c e  s u p p o r t  t h i s  i n t e r p r e t a t i o n  
o f  t h e  o b s e r v e d  b u r n i n g - t i m e /p r e s s u r e ,  c u r v e s .  T h e  o b s e r v e d  
c h a n g e  w i t h - p r e s s u r e  o f  u n r e a c t e d  m e t a l  i n  t h e - c o m b u s t io n  
p r o d u c t s  i s  a l s o  c o n s i s t e n t  w i t h  t h e  h y p o t h e s is .
1 0 - 4 .  S u g g e s t io n s  f o r  F u t u r e  W o rk
T h e  p r e s e n t  w o r k  h a s  b e e n  m a in ly  a  b r o a d  s u r v e y  s t u d y *  
o f  t h e  c o m b u s t io n  o f  M g /P T F E  c o m p o s i t io n s .  S e v e r a l  a s p e c t s  n e e d  
t o  b e  i n v e s t i g a t e d  i n  m o re  d e t a i l  i n  o r d e r  t o  c o n f i r m  t h e  
. h y p o t h e s is  m ade a b o u t  t h e  c o m b u s t io n  m e c h a n is m . I n  p a r t i c u l a r ,  
t h e  s u r f a c e  o f  a  p e l l e t  b u r n in g  a t  lo w  a m b ie n t  p r e s s u r e  seem s  
a  f r u i t f u l  f i e l d  f o r  s t u d y .  P h o to m ic r o g r a p h y  a n d  m e a s u re m e n t  
o f  t h e  t e m p e r a t u r e  o f  t h e  m e t a l  p a r t i c l e s ,  a s  t h e y  - r e a c t  o n  
t h e  p e l l e t ’ s  s u r f a c e  a n d  s t r e a m  .fro m  p e l l e t  t o  f l a m e , ,  a r e  
s u g g e s t e d .  . . .
F u r t h e r  i n f o r m a t i o n  i s  r e q u i r e d  o n  t h e  b u r n i n g - t i m e /  
p r e s s u r e  c h a r a c t e r i s t i c s  e s p e c i a l l y  w i t h  r e g a r d  t o  t h e  p o s s i b l e  
e f f e c t  o f  m o is t u r e  o n  t h e ' c o m b u s t io n  r a t e  a t  lo w  p r e s s u r e s ,
t h e  r o l e  o f  a n t h r a c e n e  i n  r e d u c in g  t h e  r a t e  a t  h ig h .. :p r e s s u r e s ',  
a rid  t h e  e f f e c t  o f  p o ly m e r  p a r t i c l e  s i z e .  T h e  r a n g e  o f  
c o m p o s i t io n s  c o u ld  a l s o  b e  e x te n d e d  t o  i n c l u d e ,  f o r  e x a m p le ,  
t h e  e f f e c t  o f  m e t a l  p a r t i c l e  s i z e  o n  t h e  c o m b u s t io n  r a t e , " ." -1
e s p e c i a l l y  a t  lo w  p r e s s u r e s .
' • -- X'
I n  a d d i t i o n ,  q u a n t i t a t i v e  s p e c t r o s c o p ic  i n f o r m a t i o n  /  • 
o n  t h e  C 2  r a d i c a l s  a n d  o t h e r  s p e c ie s  i n  t h e  f la m e  r e a c t i o n - z o n e  
w o u ld  h e l p  i n  d e t e r m i n i n g  .w h a t s p e c ie s  e n t e r  t h e  f la m e  a n d  hpw  
t h e y  r e a c t ' t h e r e .
FIG. 1 0 -1 .  ASSUMED COMBUSTION MODEL
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A l - 1 .
A l - 2 .
I n t r o d u c t i o n
I n  t h i s  a p p e n d i x ,  e q u a t i o n s  a r e  d e r i v e d  f o r  t h e  
r a d i a n c e  o f  a  f l a m e  c o n t a i n i n g  c o n d e n s e d  p a r t i c l e s , w h i c h  
s c a t t e r  a n d  a b s o r b  r a d i a t i o n ,  a n d  a t o m s .  T h e  p a r t i c l e s  
a r e  a s s u m e d  t o  b e  a t  a  t e m p e r a t u r e  T  w h i c h  i s  n o t  
n e c e s s a r i l y  e q u a l  t o  t h e  t e m p e r a t u r e  o f  t h e  a t o m s ,  T  • ■ 
T l i e  r a d i a n c e  i n  a  d i r e c t i o n  n o r m a l  t o  t h e  f l a m e  a x i s  
i s  c a l c u l a t e d  a n d  i t  i s  a s s u m e d  t h a t  t h e r e  a r e  n o  ’ 
t e m p e r a t u r e  g r a d i e n t s  i n  t h i s  d i r e c t i o n  t h r o u g h  t h e  
f l a m e .
T h e  p a r t i c u l a r  i n t e r e s t  i s  t h e  l i n e / c o n t i n u u m  
r a t i o ,  t h a t  i s ,  t h e  i n t e n s i t y  o f  r a d i a t i o n  e m i t t e d  a t  
a  f r e q u e n c y  c o r r e s p o n d i n g  t o  a n  a t o m i c  t r a n s i t i o n  
r e l a t i v e  t o  t h e  i n t e n s i t y  o f  t h e  s p e c t r a l  c o n t in u u m  
(d u e  t o  t h e  p a r t i c l e s )  a t  f r e q u e n c i e s  o n  e i t h e r  s i d e  
o f  t h e  l i n e .
L i n e  R a d i a t i o n
L e t  t h e r e  b e  n  a n d  n ^  a t o m s  p e r  cm  m  a t o m i c
a  a  r
e n e r g y  l e v e l s  E ^  a n d  E 2 r e s p e c t i v e l y ,  a n d  c o n s i d e r
r a d i a t i o n  d u e  t o  a  t r a n s i t i o n  b e t w e e n  t h e s e  t w o  l e v e l s .
T h e  t r a n s i t i o n  g i v e s  r i s e  t o  a  l i n e  w h o s e  c e n t r e  
f r e q u e n c y  i s
E7 - E1 .
v o  =  h   H z   ( A l . - 1 )
T h e  e m i s s i o n  c o e f f i c i e n t  o f  t h e  l i n e  i s  t h e  t o t a l  r a d i a t i o n  
i n  t h e  l i n e  e m i t t e d  p e r  s e c o n d  i n t o  u n i t  s o l i d  a n g l e  b y  a  
u n i t  v o l u m e  w h i c h  i s  a s s u m e d  t o  b e  o p t i c a l l y  t h i n ;  •
-  220 -
Emission c o e f f ic ie n t = / •J  l i
d v
v
i n e
1 A 91 n "  h v _  W c m  3 s r  ^   ( A l - 2 )
4 7
w h e r e  A ^ -j. i s  t h e  E i n s t e i n  p r o b a b i l i t y  f o r  s p o n t a n e o u s  e m i s s i o n  
a n d  h  i s  P l a n c k ' s  c o n s t a n t  ( J  s ) .  T h e  c o r r e s p o n d i n g  /
p r o b a b i l i t y  f o r  a b s o r p t i o n  i s  B12  a n d  i f  s t i m u l a t e d  e m i s s i o n  
i s  n e g l e c t e d ,  t h e  p r i n c i p l e  o f  m i c r o s c o p i c  r e v e r s i b i l i t y  g i v e s
~  h i  n a  h v o  “  B1 2  n a  Bv ^ V  * ---------- ( A l ~ 3 )4tt c o
BB b ( T a )  i s  t h e  P l a n c k  r a d i a t i o n  f u n c t i o n  (W  cm  ^ s r ^ H z ^ )
c o r r e s p o n d i n g  t o  t h e  t e m p e r a t u r e  T .  T l i e  P l a n c k  f u n c t i o n  i s
CL " • ■ TO
t a k e n  t o  b e  c o n s t a n t  o v e r  t h e  r a n g e  o f  f r e q u e n c i e s  o c c u p i e d  b y  
t h e  l i n e .
T h e  l i n e  s h a p e  m a y  b e  d e f i n e d  b y  a  p r o b a b i l i t y  P ( v )  
s u c h  t h a t
I P(v) dv = 1 
J l i n e
I f ,  a s  i s  a s s u m e d ,  t h e  a t o m s ,  a r e - i n  e q u i l i b r i u m ,  t h a t  i s  t h e  
e n e r g y  l e v e l s  a r e  p o p u l a t e d  a c c o r d i n g  t o  a  B o l t z m a n n  
d i s t r i b u t i o n ,  t h e n  t h e  l i n e  s h a p e  f o r  a b s o r p t i o n  i s  t h e  s a m e  
a s  t h e  l i n e  s h a p e  f o r  e m i s s i o n .  A s s u m in g  e q u i l i b r i u m  a n d
c o n s i d e r i n g  a  u n i t  f r e q u e n c y  i n t e r v a l  c e n t r e d  a t  v Q , e q t . A l - 3
b e c o m e s
' 1 A 21 » ;  %  P X  -  B12  n a  X  P ( v 0 )  # ( V  
4 n  c o
=  n  s  Bb b ( T  )  W a i f  3 s r " 1 H z ”*1 !a cj a . w v ci'a  a a  v  a  
o
. . . . .  ( A l - 4 )
• •
w h e r e  s  ( o n  H z  )  i s  t h e  a t o m i c  a b s o r p t i o n  c r o s s - s e c t i o n  
a a
p e r  u n i t  f r e q u e n c y  i n t e r v a l  a t  v Q .
F la m e  R a d i a t i o n  a t  a r iy  F r e q u e n c y
C o n s i d e r  a  u n i t  a r e a  a t  a  d i s t a n c e  z  f r o m  t h e  e d g e  o f  
a  f l a m e  o f  w i d t h  L .  T h e  i n t e n s i t y  o f  r a d i a t i o n ,  J  ,  e m i t t e d
9  .. . ■ v ” ^
t h r o u g h  t h e  u n i t  a r e a  b y  t h e  a t o m s  i n  t h e  s m a l l  v o l u m e  1 . 1 . d z  cm  
b e t w e e n  z  a n d  z  +  d z  i s
J  =  n  s  Bb b ( T  )  d z  W s r ""1  H z " 1  ( A l - 5 )
a  a  a a  v  > V  ■
i f  t h e  f r e q u e n c y  v  e q u a l s  t h e  c e n t r e  f r e q u e n c y  o f  a n  a t o m i c
l i n e .
3
I f  t h e r e  a r e  n p  c o n d e n s e d  p a r t i c l e s  p e r  cm  a n d  e a c h
p a r t i c l e  h a s  a n  a b s o r p t i o n  c r o s s - s e c t i o n ,  s _  ,  t h e n  t h e  r a d i a n t
■ p  r* . ■> '* .3
i n t e n s i t y ,  J  ,■ d u e  t o  t h e  p a r t i c l e s  i n  t h e  s m a l l  v o l u m e  l . d z  cm
lr •*
i s  g i v e n  b y
J p  =  n p  s a p  B v b ( V  d Z  W S r_ 1  HZ_1 . . .  .1  ( A l - 6 )  ’
T h e  t o t a l  r a d i a t i o n ,  J a  +  J p ,  f r o m  t h e  u n i t  a r e a  a t  z
i s  a t t e n u a t e d  b e f o r e  i t  r e a c h e s  t h e  e d g e  o f  t h e  f l a m e ;  i f  K
i s  t h e  f l a m e ' s  a t t e n u a t i o n  c o e f f i c i e n t  p e r  u n i t  l e n g t h ,  t h e n  ■
■ 3
t h e  r a d i a t i o n ,  f r o m  a t o m s  a n d  p a r t i c l e s  i n  t h e  v o l u m e  l . d z  cm  
w h i c h  l e a v e s  t h e  f l a m e  i s :
2 - I
w h e r e  s  i s  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  o f  a  s i n g l e  • • ' V -
ir t ;
c o n d e n s e d  p a r t i c l e .  I t  i s  a s s u m e d  t h a t  r a d i a t i o n ,  e m i t t e d  
b y  t h e  v o l u m e  l . d z  a n d  s c a t t e r e d  o n  i t s  w a y  t o  t h e  e d g e  
o f  t h e  f l a m e ,  d o e s  n o t  e n t e r  t h e  m e a s u r i n g  i n s t r u m e n t .
I f  t h e  p a r t i c l e s  s c a t t e r  a p p r e c i a b l y  i n  t h e  f o r w a r d  
d i r e c t i o n  o r  i f  m u l t i p l e  s c a t t e r i n g  o c c u r s ,  t h e n  s  i s  ‘ 
t o  b e  r e g a r d e d  a s  a n  e f f e c t i v e  s c a t t e r i n g  c r o s s - s e c t i o n .  ■>  /
T h e  r a d i a n c e ,  B ^ + a , o f  t h e  f l a m e  i s  f o u n d  b y  
i n t e g r a t i n g  e q t .  A l - 7 :
B ^ + a  -  ( J  +  J  )  e " * ^  d z  ............ ( A l - 9 )
v  J Q a  p 4
S u b s t i t u t i n g  f o r  J & a n d  f r o m  e q t s .  A l - 5  a n d  A l -6  a n d  
i n t e g r a t i n g  g i v e s : " '
B v + a  =  |  [ >  * *  B v b ( V  +  “ p  s a p  4 ( V ] [ +  -
W  cm " 2 s r " 1 H z " 1  . . . . . ( A l - 1 0 )
I f  n o  a t o m i c  l i n e  o c c u r s  a t  v , .  t h e  f l a m e  r a d i a t i o n  • 
a t  t h i s  f r e q u e n c y  i s  d u e  e n t i r e l y  t o  t h e  c o n d e n s e d  p a r t i c l e s  
a n d  i s  g i v e n  b y " X j  \ * ; ... . ’ . - . I
w h e r e :
K* « n  s  + n  sOT> . , -  (A l-12)
p  a p  p  s p
C o n d i t i o n s  f o r  E m i s s i o n  o r  A b s o r p t i o n  o f  a n  
A t o m i c  L i n e  a g a i n s t  t h e  C o n t in u u m .
T h e  g e n e r a l  c o n d i t i o n  f o r  a  l i n e  t o  e n h a n c e ,  o r  
d e c r e a s e  t h e  c o n t in u u m  d u e  t o  t h e  p a r t i c l e s ,  t h a t  i s  t o  
a p p e a r  i n  e m i s s i o n  o r  a b s o r p t i o n ,  i s , r e s p e c t i v e l y ,
BP + a  ^  ( A L - 1 3 )
T w o  p a r t i c u l a r  c a s e s  w i l l  b e  c o n s i d e r e d .
( a )  O p t i c a l l y  T h i c k  P a r t i c l e  C l o u d .
I f  t h e  p a r t i c l e  c l o u d  i s  o p t i c a l l y  t h i c k  i n  t h e  
_ K » l
s e n s e  t h a t  e  i s  n e g l i g i b l e  c o m p a r e d  t o  o n e ,  . t h e n  
t h e  c o n d i t i o n  o f  e q t . A l - 1 3  b e c o m e s
• i  f n  s  Bb b ( T  )  +  n  s  ; Bb b ( T  ) 1  
K  |_ a a a -  v a ' p  ap v  ^ p ' J
U , [ n  s  Bb b ( T  I 1 L P ap V \yj
( A l - 1 4 )
A f t e r  m a n i p u l a t i o n  a n d  s u b s t i t u t i o n  f o r  K  a n d  K *  f r o m  
e q t s .  A l -8  a n d  A l - 1 2  r e s p e c t i v e l y ,  e q t . A l - 1 4  r e d u c e s  t o
U s i n g  W i e n ' s  a p p r o x i m a t i o n  f o r  t h e  P l a n c k  f u n c t i o n  
( v a l i d  w h e n  A T  i s  l e s s  t h a n  0 . 5  cm  ° K ,  w h e r e  X i s  
t h e  w a v e l e n g t h ) ,  e q t .  A l - 1 5  r e d u c e s  t o
e x p  [ ' -  4  c r ; 1  -  T p 1 ) ]  ’ . . .  • . . ( A l
L  ‘ . a p  s p  ' - ' ;
T h e  r i g h t - h a n d  s i d e  o f  e q t .  A l - 1 6  i s  t h e  e m i s s i v i t y  ,
o f  a  d e n s e  c l o u d  o f  p a r t i c l e s ; i f  t h e  p a r t i c l e s  "  I .
s c a t t e r  a s  w e l l  a s  a b s o r b ,  t h e  e m i s s i v i t y  w i l l  b e  l e s s
t h a n  o n e ;  i f  s  i s  v e r y  m u c h  l e s s  t h a n  s  t h e
e m i s s i v i t y  w i l l  b e  o n e .  I f ,  t h e r e f o r e ,  t h e  a t o m s  a r e  -
a t  t h e  s a m e  t e m p e r a t u r e  a s  t h e  p a r t i c l e s  ( T  =  T  ) ,
9  P
l i n e s  w i l l  a l w a y s  b e  i n  e m i s s i o n  a g a i n s t  t h e  
c o n t in u u m  i f  s g  i s  n o t  n e g l i g i b l e ,  b u t  l i n e s  w i l l  
n o t  b e  d i s t i n g u i s h a b l e  f r o m  t h e  c o n t in u u m  i f  t h e  
p a r t i c l e  c l o u d  h a s  a n  e m i s s i v i t y  o f  o n e .
T h e  c r o s s - s e c t i o n s  a n d  s . -  a r e  f u n c t i o n s  o f
a p  s p
f r e q u e n c y  a n d , i n  g e n e r a l , i n c r e a s e  w i t h  i n c r e a s e  i n  
f r e q u e n c y .  T h e  e x p r e s s i o n  o n  t h e  l e f t - h a n d  s i d e  o f  
e q t .  A l - 1 6  d e c r e a s e s : w i t h  i n c r e a s i n g  f r e q u e n c y .
P r o v i d e d  t h e  r a t i o  o n  t h e  r i g h t - h a n d  s i d e  d o e s  n o t  
d e c r e a s e  w i t h  f r e q u e n c y  a s  r a p i d l y  a s  t h e  l e f t - h a n d  
s i d e ,  e q t .  A l - 1 6  d e f i n e s  a  t r a n s i t i o n  f r e q u e n c y  b e l o w  
w h i c h  l i n e s  a r e  i n  e m i s s i o n  a g a i n s t  t h e  c o n t in u u m  a n d  
a b o v e  w h i c h  l i n e s  a r e  i n  a b s o r p t i o n  a g a i n s t  t h e  
c o n t i n u u m .  . , .
T i e  q u a n t i t y  t h a t  d e t e r m i n e s /  w h e t h e r  o r  n o t  a n  a b s o r b e d  : 
l i n e  w i l l  b e  d e t e c t e d  w i t h  a  g i v e n  m e a s u r i n g ,  a p p a r a t u s  
i s  t h e  r a t i o
-  225 -
S u b s t i t u t i n g  f r o m  e q t s .  A l - 1 0  a n d  A l - 1 1  g i v e s
BJp+a B*
v  _
H F
n  s
a  a a
1 -
K 1 Bb b  ( T  Yv  a '
TOBF
V a P  B y c y
(Al-17)
F o r  a  g i v e n  t e m p e r a t u r e  d i f f e r e n c e ,  t h e  r a t i o  i n c r e a s e s
w i t h  t h e  l i n e  s t r e n g t h  n  s  .
3  CLCI
( b )  O p t i c a l l y  T h i n  C l o u d .
-KT - K 'T
I f  t h e  e x p o n e n t i a l  t e r m s  e  a n d  e  i n  e q t s  . A l - 1 0
a n d  A l - 1 1  a r e  n o t  n e g l i g i b l e  c o m p a r e d  t o  o n e ,  t h e n  t h e  
f u l l  e x p r e s s i o n s  i n  e q t s .  A l - 1 0  a n d  A l - 1 1  m u s t  b e  u s e d  
i n  e q t .  A l - 1 3 .  S u b s t i t u t i n g  a n d  r e - a r r a n g i n g ,  e q t . A l - 1 3  
g i v e s  t h e  c o n d i t i o n  f o r  a  l i n e  t o  a p p e a r  i n  a b s o r p t i o n  
a s
nf k + e x p
n  s  
2l. a a P
< - ° P S a p  +  S aP___
S a p  ** S s p
.rs . . . .  ( A l - 1 8 )
w h e r e
•K ’L
■kj:
( A l - 1 9 )
A f t e r  r e - a r r a n g e m e n t ,  e q t .  A l - 1 8  b e c o m e s
e x p
h v  ( T - 1  _ T - l .
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E q u a t i o n  A l - 2 0  r e d u c e s '  t o  e q t .  A l - 1 6  w h e n  6 =  1 .
S i n c e  6 i s  l e s s  t h a n  o n e  f o r  t h e  o p t i c a l l y  t h i n  c a s e ,  
i n s p e c t i o n  o f  e q t .  A l - 2 0  s h o w s  t h a t  f o r  a  g i v e n  s  , 
t h e  f r e q u e n c y  f o r  t r a n s i t i o n  f r o m  e m i s s i o n  t o  
a b s o r p t i o n  a g a i n s t  t h e  c o n t in u u m  o c c u r s  a t  a  h i g h e r  
v a l u e  t h a n  t h a t  f o r  t h e  o p t i c a l l y  t h i c k  c l o u d .  T h e  
t r a n s i t i o n  f r e q u e n c y  d e p e n d s  o n  s  i n  t h e  o p t i c a l l y
9 9
t h i n  c a s e .
EXPERIMENTAL PROCEDURES FOR EXAMINING Mg/PTFE COMBUSTION PRODUCTS
U n r e a c t e d  M a g n e s  in m  b y  F la m e  P h o t o m e t r y  
A 2 - 1 . 1  E x p e r i m e n t a l  P r o c e d u r e
C a r d b o a r d - e n c a s e d ,  p e l l e t s  w e r e  b u r n e d  i n  a n  a r g o n  ■
a t m o s p h e r e  i n  t h e  s m a l l  c o m b u s t i o n  c h a m b e r .  W h e n  t h e  f l a m e  
h a d  e x t i n g u i s h e d ,  t h e  c h a m b e r  w a s  f i l l e d  w i t h  a r g o n  t o  a  
p r e s s u r e  g r e a t e r  t h a n  7 6 0  t o r r - s o  t h a t  t h e  p r o d u c t s  o f  
/  c o m b u s t i o n  c o o l e d  w i t h o u t  o x i d a t i o n .  S a m p le s  f o r  a n a l y s i s  < 
w e r e  t a k e n  f r o m  t h e  b a s e  o f  t h e  c h a m b e r .
B e t w e e n  0 * 1 3  a n d  0 * 6 0  g  o f  t h e  s a m p l e s  w e r e  t r e a t e d  ' /  
w i t h  a p p r o x i m a t e l y  200  m l  o f  d i s t i l l e d  w a t e r  t o  w h i c h  1 5 * 5  m l 
o f  h y d r o c h l o r i c  a c i d  h a d  b e e n  a d d e d ;  t h i s  s o l u t i o n  d i s s o l v e d ; / '  
t h e  m a g n e s iu m  b u t  n o t  t h e ,  c a r b o n  n o r ,  a p p r e c i a b l y ,  t h e  M g F ^ . y  
T h i s  a c i d i c  s o l u t i o n  w a s  t h e n  s t i r r e d ,  l e f t  s t a n d i n g  f o r :  5 
m i n u t e s  a t  r o o m  t e m p e r a t u r e  a n d  f i l t e r e d  t h r o u g h  p a p e r .  T h e  / .  
r e s u l t i n g  c l e a r  s o l u t i o n  w a s  m a d e  u p  t o  a  l i t r e  w i t h  d i s t i l l e d  
w a t e r .  T h e  f i n a l  s o l u t i o n  w a s  a p p r o x i m a t e l y  N / 6  w i t h  r e s p e c t  
t o  H C I .
T w o  s t a n d a r d  s o l u t i o n s  o f  m a g n e s iu m  i n  a c i d  o f  t h e  
s a m e  n o r m a l i t y  w e r e  p r e p a r e d  f r o m  t h e  a t o m i s e d  m a g n e s iu m  
u s e d  i n  t h e  c o m p o s i t i o n s . B y  s u i t a b l y  d i l u t i n g  t h e s e ,  f i v e  
s o l u t i o n s  c o n t a i n i n g  f r o m  1 t o  5 p p m  M g  w e r e  d e r i v e d  f r o m  
e a c h  o f  t h e  o r i g i n a l  s t a n d a r d s .  T h e  s a m p l e / s o l u t i o n s  w e r e  • 
d i l u t e d  w i t h  t h e  s a m e  a c i d  t o  g i v e  m a g n e s iu m  c o n c e n t r a t i o n s  
i n  t h e  r a n g e  1 t o  5 p p m  M g .
‘ F o r  a n a l y s i s  t h e  s o l u t i o n s  w e r e  s p r a y e d  i n t o  t h e  a c e t y l e n e /  
a i r  f l a m e  o f  t h e  U n ic a m  S P 9 0 0  f l a m e  p h o t o m e t e r .  T h e  g a l v a n o m e t e r  
d e f l e c t i o n  d u e  t o  t h e  2 8 5 2 A  e m i s s i o n  l i n e  o f  M g  w a s  r e a d ,  t h e  
s l i t  w i d t h  b e i n g  0 * 1  mm. Z e r o  g a l v a n o m e t e r  d e f l e c t i o n  w a s  s e t  
w i t h  t h e  N / 6  a c i d  o n l y  b e i n g  s p r a y e d .  ; ' v
V ‘; 'If' ' : '" " *  ' * ' • -x# • y  ’■* /  Y •
-  2 2 8  -
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S a m p le  s o l u t i o n s  w e r e  m e a s u r e d  i n  b a t c h e s  o f  a b o u t  s i x .  
B e f o r e  a n d  a f t e r  t h e  s a m p l e  s o l u t i o n s ,  s t a n d a r d  s o l u t i o n s  w e r e  
r u n ,  a n d  t h e  g a l v a n o m e t e r  r e a d i n g s  f r o m  t h e s e  w e r e  a v e r a g e d  t o  
p l o t  a  c a l i b r a t i o n  c u r v e  o f  p p m  M g  a g a i n s t  g a l v a n o m e t e r  
d e f l e c t i o n .  F r o m  t h e s e  c u r v e s ,  w h i c h  w e r e  u s u a l l y  s t r a i g h t  . ; 
l i n e s  p a s s i n g  t h r o u g h  t h e  o r i g i n ,  t h e  c o n c e n t r a t i o n  o f  
m a g n e s iu m  i n  t h e -  s a m p l e  s o l u t i o n s  c o u l d  b e  o b t a i n e d .
A 2 - 1 . 2  C a l c u l a t i o n  o f  R e s u l t s
T a b l e s  A 2 - 1  a n d  A 2 ^ 2  g i v e  t h e  w e i g h t  o f  e a c h  s a n p l e ,  
t h e  p e r c e n t a g e  w e i g h t  o f  m a g n e s iu m  ( i )  a s  m e a s u r e d ,  ( i l )  
c o r r e c t e d  f o r  t h e  s o l u b i l i t y  o f  M g F ^  i n  t h e  d i s t i l l e d  w a t e r  
u s e d  t o  w a s h  t h e  r e s i d u e  a n d  ( i i i )  f u r t h e r  c o r r e c t e d  f o r  
t h e  s o l u b i l i t y  o f  M g F 2 i n  N / 6  H C I .  B o t h  c o r r e c t i o n s  a r e  ;/ 
s o m e w h a t  u n c e r t a i n  b e c a u s e  t h e  v o l u m e s  o f  l i q u i d  i n  e a c h  
c a s e  w e r e  n o t  a c c u r a t e l y  c o n t r o l l e d .  H o w e v e r ,  a  m a x im u m  
c o r r e c t i o n  w a s  m a d e  b y  t a k i n g  t h e  v o l u m e  o f  t h e  w a s h i n g  
w a t e r  a s  100  m l  a n d  t h e  v o l u m e  o f  a c i d  ( 1 5 * 5  m l  o f  1 * 1 8  s p .  
g r .  H Q  p l u s  d i s t i l l e d  w a t e r )  u s e d  t o  e x t r a c t  t h e  u n r e a c t e d
m a g n e s iu m  a s  2 5 0  m l .  T h e  s o l u b i l i t y  p r o d u c t  f o r  b o t h
-9  ~1
c o r r e c t i o n s  w a s  t a k e n  a s  7 * 1 . 1 0  ( 0 * 0 0 8 g . l  ) ;  t h i s  i s
t l i e  v a l u e  f o r  M g F 2 i n  w a t e r  a t  1 8 ° C  ( 1 1 2 ) .  I n  f a c t ,  a  s i m p l e
s o l u b i l i t y  t e s t ,  a n d  a l s o  m e a s u r e m e n t s  o n  M g F 2 f,b l a n k M
s a m p l e s ,  i n d i c a t e d  t h a t  t h e  s o l u b i l i t y  o f  M g F 2 i n  N / 6  H C I
u n d e r  t h e  c o n d i t i o n s  o f  t h e s e  e x p e r i m e n t s  i s  n o t  g r e a t e r
t h a n  0 * 0 0 5  g  l  a n d  i s  p r o b a b l y  0 ^ 0 0 3  g . l
A 2 - - 1 . 3  E s t i m a t i o n -  o f  E r r o r s
a )  R a n d o m  E r r o r s
I n  c a r r y i n g  o u t  m e a s u r e m e n t s  o n  a  b a t c h  o f  s a m p l e s  
t h e  p o l i c y  w a s  a d o p t e d  o f  i n c l u d i n g  i n  t h e  b a t c h  o n e  O r  
m o r e  s a m p l e - s o l u t i o n s  o n  w h i c h  a  m e a s u r e m e n t  h a d  a l r e a d y  
b e e n  m a d e .  D e t e r m i n a t i o n s  o n  t w o  p a r t i c u l a r  s o l u t i o n s  w e r e
'■--•• ":• . ;/ ;/  1 +  l l ’l  "  ' • - '  2 2 9  -  - ’ h i " / /  /  / ' h l " \ ?  %  ' ’ ''* -
T a b l e  A 2 - 1 .  U n r e a c t e d  M a g n e s iu m  i n  ' S a m p le s  o f  C o m b u s t i o n  P r o d u c t s
f r o m  C o m p o s i t i o n s  D ,  E  a r id  L'° " ' ' - h
E x p e r i m e n t
N o .
S a m p le  
W e i g h t , 
g*
U n r e a c t e d  M a g n e s iu m  
(% w t .  o f  s a m p l e )
P r e s s u r e ,
t o r r
M e a s u r e d  
V a l u e .
V a l u e  a f t e r  
1 s t  c o r r e c t i o n t
V a l u e  a f t e r  
2n d  c o r r e c t i o n *
1 0 - 6 5 2 2 0*21
~ O s 2 5 mm . -760  .
D 2A 0 * 4 3 6 4 2 * 5 1*8 . 0*2
..tr.
D 2 B
0 - 4 4 2 4  • 2 * 9 2*2 0*8 it
d 3
0 - 4 5 0 6 1*8 1*1 - 1*0 it ■
C o m p o s i t i o n  E  (3 8 %  M g )
E2 0 - 7 1 0 7 7 * 2
6*8 6 * 4 7 6 0
V 0 * 5 3 7 9 7 * 3 6 / 7 6*1  ’ -y
■ ,y tt
E S 0 * 4 0 6 1 7 * 6 5 7 * 0 6*1
I!
1 1 * 1 3 3 3 5 * 8
5 * 5 5 * 3 9 0
B 4
0 * 2 0 4 4 22*2 2 0 * 5 1 9 * 0 : 2 3
E6 0 * 4 4 6 0 2 6 * 0 2 5 * 1
2 4 * 9 2 3
C o m p o s i t i o n  1 /  (6 2 %  M g ) + /1  ’•. ■
L 3
0 * 3 6 3 2 4 1 * 7 4 0 * 9 4 0 * 4 . 7 6 0
1 0 * 7 6 6 7 3 3 * 1
3 2 * 7 3 2 * 5 100
1 1 * 5 0 8 8 1 9 * 9 1 9 * 7
1 9 * 6 9 0
b2 0 * 4 1 8 4
5 6 * 0 5 5 * 3 5 5 * 0 2 3
L 4
0 * 9 4 3 9 5 0 * 9 5 0 * 6 5 0 * 5 2 3
t  C o r r e c t i o n  f o r  s o l u b i l i t y  o f  M g F 2 i n  1 0 0  m l - w a s h i n g  w a t e r  
*  C o r r e c t i o n  f o r  s o l u b i l i t y  o f  M g F 2 i n  2 5 0  m l  a c i d
-• . - 1 ...... - - * 1 -  - ■ - 1 . ' ■ . * . . . .  ,v, ' * ■ . ‘ 4 , .... y  ' ■ ’ ■ ! " . . * » . „ - , t , 1 . -
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T a b l e  A 2 - 2 .  . ' U n r e a c t e d  M a g n e s iu m  i n  S a m p le s  o f  C o m b u s t i o n  P r o d u c t s
f r o m  C o m p o s i t i o n  F
E x p e r i m e n t
N o .
S a m p le  
W e i g h t , 
g *
U n r e a c t e d  M a g n e s iu m  
(% w t .  o f  s a m p l e )
P r e s s u r e
t o r r .
M e a s u r e d  
V a l u e ...........
V a l u e  a f t e r  
1s t  c o r r e c t i o n
V a l u e  a f t e r  
2n d  c o r r e c t i o n
F 2
0 * 2 1 0 5 2 6 * 2 2 4 / 8 2 3 * 5 7 6 0  ’
F 9
0 * 2 4 6 4 2 5 * 2 2 4 * 0 2 2 * 9 . 3 8 0
*T
j
CO 0 * 6 0 4 0  • 2 4 * 5 2 4 * 0 2 3 * 7 2 9 5  V
F 3  -
0 * 203,5 20*2 1 8 * 7 1 7 * 1 2 4 0
F X 4
0 * 2 8 1 1 2 1 * 3 20*2 1 9 * 2 1 7 7  / •
F 1 5
0 * 2 4 4 8 21*6 2 0 * 4 1 9 * 2 1 7 7
F 1 7
0 * 5 6 4 0 2 4 * 4 2 3 * 9 2 3 * 6 1 6 0
F 4
0 * 2 2 0 9 2 7 * 3 2 5 * 9 2 4 * 7 141
F i 3
0 * 2 4 0 9 2 5 * 0 2 3 * 8 2 2 * 7 117;.
F 5
0 * 2 0 6 2 2 5 * 7 2 4 * 2 22*8 9 5  - V
F 12 0 * 2 6 0 1  - .2 3 * 9 2 2 * 7 2 1 * 7 7 7  ' /
F 1 6
0 * 6 7 6 0 2 9 * 6 2 9 * 2 2 9 * 0 6 8 ; /
F6 0 * 2 4 0 9 3 0 * 9 2 9 * 7 1 2 8 * 7j 6 0
F 11 0 * 1 8 7 3 2 8 * 5 2 6 * 9 j 2 5 * 4 4 5
F 8
0 * 1 3 7 2 3 2 * 9 3 0 * 7 2 8 * 5 3 2
F 10 0 * 2 3 1 4 3 2 * 4 3 1 * 1 3 0 * 1 2 7
F 1 0 * 3 0 1 3 3 7 * 3 3 6 * 3 3 5 - 7 2 3
F 7
0 * 1 5 7 0 3 9 * 4 3 7 * 5 3 5 * 9 2 3
-  231 -
m a d e  i n  s e v . e n  d i f f e r e n t  g r o u p s  f o r  e a c h ,  a n d  a  s t a n d a r d  
d e v i a t i o n  ( a )  c a l c u l a t e d  f o r  t h e  " a s - m e a s u r e d "  c o n c e n ­
t r a t i o n .  T h e  m e a n  v a l u e s  and . 95%  c o n f i d e n c e  l i m i t s  o f  
u n r e a c t e d  m a g n e s iu m  i n  t h e  t w o  s a m p l e s  w e r e : .
S a m p le  N o . E ^  : 5 * 6  + 1 * 4 %  M g  ( a  -  0 7  % M g )
S a m p le  N o . L ^  : 3 3 * ,1  +  2 * 5 1  M g  ( a  =  1 * 2 5  % M g )
I n  a d d i t i o n  t o  t h e s e  r e p e a t a b i l i t y  e s t i m a t e s ,  t h e  ; 
s o l u b i l i t y  c o r r e c t i o n  p r o c e d u r e  a d o p t e d  g i v e s  r i s e  t o  
a n  a d d i t i o n a l  r a n d o m  e r r o r  b e c a u s e  t h e  v o l u m e s  o f  t h e  
e x t r a c t i n g  a c i d  s o l u t i o n  a n d  o f  w a s h i n g  w a t e r  p r o b a b l y  
v a r i e d  f r o m  s a m p l e  t o  s a m p l e . ( V o l u m e s  o f  2 5 0  a n d  1 0 0  m l  • 
r e s p e c t i v e l y  w e r e  a s s u m e d  i n  c a l c u l a t i n g  t h e  v a l u e s  i n  
t a b l e s  A 2 - 1  a n d  A 2 - 2 ) . T o  e s t i m a t e  t h i s  r a n d o m  e r r o r ,  
n i n e  F  s a m p l e s ,  w i t h  s a m p l e  w e i g h t s  i n  t h e  r a n g e  0 * 2 0  
t o  0 * 2 5 g ,  W e r e  t a k e n  f r o m  t a b l e  A 2 - 2 .  T h e  m e a n  t o t a l  
c o r r e c t i o n  a n d  t h e  s t a n d a r d  d e v i a t i o n  a b o u t  t h e  m e a n  
o f  t h e  c o r r e c t i o n s  w e r e  c a l c u l a t e d  a s  2 *5 %  M g  a n d  0 *3 %  M g  
r e s p e c t i v e l y .  A s s u m in g  t h i s  e r r o r  i s  i n d e p e n d e n t  o f  t h e  
r e p e a t a b i l i t y  e r r o r ,  t h e  v a r i a n c e s  m a y  b e  a d d e d , a n d  a  1 
t o t a l  s t a n d a r d  d e v i a t i o n  ( a ^ )  f o u n d .  T h e  p e r c e n t a g e  
u n r e a c t e d  m a g n e s iu m  i n  t h e  s o l i d  p r o d u c t s  f o r  s a m p l e s  
E /  a n d  t h e n  b e c o m e s  ’ /
S a m p le  E ^  : 5 * 6  + 1 * 5 %  M g
S a m p le  : 3 3 * 1  +_ 2 *6 %  M g
( a t  *  0 * 7 5 %  M g )  
( a t  =  1 .3 %  M g )
b )  S y s t e m a t i c  E r r o r s  y  •
S y s t e m a t i c  e r r o r s  m a y  b e  p r e s e n t  i n  t h e  f i n a l  f i g u r e s  a n d  
a r e  d u e  t o  t w o  c a u s e s - :  o v e r - c o r r e c t i o n  f o r  t h e  s o l u b i l i t y  o f  
M g F 2 a n d  t h e  e f f e c t  o f  t h e  o x i d e  o n  t h e  m e t a l  b o t h  i n  t h e  
o r i g i n a l  c o m p o s i t i o n s  a n d  i n  t h e  s t a n d a r d  s o l u t i o n s .  T h e s e  r 
e r r o r s  v a r y  f r o m  c o m p o s i t i o n  t o  c o m p o s i t i o n  b u t  t e n d  t o  
c a n c e l  e a c h  o t h e r .  T h e  m a x im u m  o v e r - c o r r e c t i o n  e r r o r  .w a s  e s t i ­
m a t e d  f r o m  t h e  m e a n  v a l u e s  o f  t h e  c o r r e c t i o n s  f o r  e a c h  
c o m p o s i t i o n  i n  t a b l e s  A 2 - 1  a n d  A 2 - 2 .  T h e s e  e r r o r s  a r e  s h o r n  
, i n  t a b l e  A 2 - 3 .
T h e  a m o u n t  o f  o x i d e  c o a t i n g  o n  t h e  a t o m i s e d  m a g n e s iu m  w a s  
n o t  k n o w n  e x a c t l y ,  b u t  S p e c k a r d  ( 1 2 6 ) ,  i n  a  s o m e w h a t  s i m i l a r  
s t u d y  t o  t h i s ,  m e a s u r e d  i t  a s  1 2 . 9 % .  I n  t h e  p r e s e n t  w o r k  a n  
a c i d i c  s o l u t i o n  o f  M gO  c o n t a i n i n g  30% M g  w a s  m e a s u r e d  a s  
c o n t a i n i n g  32%  M g .  I g n o r i n g  t h e  e x p e r i m e n t a l  e r r o r  a n d  
a s c r i b i n g  t h e  d i s c r e p a n c y  e n t i r e l y  t o  s u r f a c e  o x i d e  p r e s e n t  
o n  t h e  m a g n e s iu m  u s e d  i n  t h e  s t a n d a r d s ,  t h e  s u r f a c e  o x i d e  : 
w o u l d  b e  1 6 .7 %  b y  w e i g h t  o f  t h e  a t o m i s e d  m a g n e s iu m .  S p e c k a r d ’ s  
v a l u e  o f  1 2 .9 %  w i l l  b e  a s s u m e d .  . ■ •>-* '
I f  t h e  m a g n e s iu m  i n  t h e  c o m p o s i t i o n s  c o n t a i n e d  1 2 .9 %  y  
o x i d e  a n d  a s s u m i n g  t h e  o x y g e n  r e m a i n e d  i n  t h e  s o l i d  p r o d u c t s ,  
t h e  e x p e c t e d  v a l u e  o f  u n r e a c t e d  m a g n e s iu m  i n  t h e  s o l i d  p r o d u c t s  
c a n  b e  c a l c u l a t e d .  T h u s ,  f o r  c o m p o s i t i o n  F ,  t h e  n o m i n a l  5 0 g  
o f  m e t a l  i n  lO O g  o f  t h e  c o m p o s i t i o n  c o n t a i n s  5 0  ( 1 2 * 9 / 1 0 0 ) ( 1 6 / 4 0 )  
o r  2 . 6 g  o f  o x y g e n .  S i n c e  2 4 * 3 g  o f  m a g n e s iu m  i s  r e q u i r e d  t o  
r e a c t  w i t h  5 0 g  o f  P T F E ,  t h e -  t r u e  u n r e a c t e d  m a g n e s iu m  i s  
e x p e c t e d  t o  b e :  5 0 - ( 2 4 * 3  +  2 * 6 )  o r  2 3 * l g .  T h i s  a n d  t h e  v a l u e s  
f o r  t h e  o t h e r  . c o m p o s i t i o n s  a r e  g i v e n  i n  t a b l e  9 - 1  i n  t h e  
m a in  t e x t .
F r o m  t h e  p o i n t  o f  v i e w  o f  s y s t e m a t i c  e r r o r ,  t h e  w o r s t ,  
c a s e  i s  w h e n  a l l  t h e  o x y g e n  i s  l o s t  t o  t h e  s o l i d  p r o d u c t s .  
F o r  c o m p o s i t i o n  F ,  t h e  u n r e a c t e d  m a g n e s iu m  i n  t h e  s o l i d  
p r o d u c t s  t h e n  b e c o m e s :  [ 2 3 * 1 / ( 1 0 0  -  2 * 6 ) ] 1 0 0  o r  2 3 *7%,
B u t  b e c a u s e  t h e  a t o m i s e d  m a g n e s iu m  u s e d  i n  t h e  s t a n d a r d s  i s  
a l s o  a s s u m e d  t o  c o n t a i n  1 2 * 9 1  M gO  ( o r  5 * l g  0 ^  i n  a  n o m i n a l  
lO O g  o f  m e t a l ) , .  t h e  f l a m e  p h o t o m e t e r  w i l l  m e a s u r e  t h e  v a l u e  
o f  2 3 • 7% a s : [2 3 *  7 / ( 1 0 0 ■ -  5 * I ) ]  1 0 0  o r  2 4  * 9% M g , a s . c o m p a r e d  
w i t h  t h e  e x p e c t e d  v a l u e  o f  2 3 * 1 1 .  T h e  d i f f e r e n c e  b e t w e e n  
t h e s e  t w o  l a s t  v a l u e s  i s  t a k e n  a s  t h e  m a x im u m  s y s t e m a t i c  
e r r o r , : ,  a n d  t h e  v a l u e s  f o r  t h e  d i f f e r e n t  c o m p o s i t i o n s  a r e  
g i v e n  i n  t a b l e  A 2 - 3 .  .
T a b l e  A 2 - 3 .  S y s t e m a t i c  E r r o r s  i n  D e t e r m i n a t i o n  o f  
U n r e a c t e d  M a g n e s iu m  ■;
C o m p o s i t i o n
r  . ........ ...............................  ■
M a x im u m  S y s t e m a t i c  . E r r o r s  ,
1 .  D u e  t o  o v e r - c o r r e c t i o n  
f o r  M g F ^  s o l u b i l i t y
* 2 . D u e  t o  1 2 . 9 %MgO 
. i n  a t o m i s e d  M g  .
' N e  t  
. E r r o r
E - l . O I M g + 0 ,.4 % M g - 0 . 6 1
F  \ ■ - 2 . 5%Mg + 1 .8 ° s M g -0,7%
L - l . O I M g + 2 ,5 % M g +1.5%
g
S i n c e  X - r a y  d i f f r a c t i o n  p h o t o g r a p h s  t a k e n  o n  s o m e  o f  t h e  
. s a m p l e s  s u g g e s t e d  t h e  p r e s e n c e  o f  M gO  i n  t h e  p r o d u c t s ,  a n d  s i n c e  
s o m e  M g F ^  u n d o u b t e d l y  d i s s o l v e d j  t h e s e  s y s t e m a t i c  e r r o r s  i n  TO' 
p r a c t i c e  t e n d  t o  a n n u l  o n e  a n o t h e r  t o  a  l a r g e  e x t e n t ,  a n d  t h e  n e t  
e r r o r  i n  t a b l e  A 2 - 3  i s  a  r e a s o n a b l e  e s t i m a t e  o f  a n y  r e s i d u a l  
s y s t e m a t i c  e r r o r .
c )  S a m p l .tr ig  E r r o r
I t  i s  n o t  p o s s i b l e  t o  e s t i m a t e  a n y  s a m p l i n g  e r r o r .
T h e  a s s u m p t i o n  i s  t h a t  t h e  d e p o s i t  o n  t h e  b a s e  p l a t e  o f  
t h e  c o m b u s t i o n  c h a m b e r  w a s  r e p r e s e n t a t i v e  o f  t h e  p r o d u c t s  
o f  c o m b u s t i o n .  T i e  s i t u a t i o n  i s  c o m p l i c a t e d  b y  t h e  f a c t ,  
t h a t  t h e  p h y s i c a l  a p p e a r a n c e  o f  t h e  d e p o s i t  c h a n g e d  w i t h  
a m b i e n t  p r e s  s u r e ,  o f  c o m b u s t i o n :  c o m p o s i t i o n  F  g a v e  a  
c o p i o u s  b r o w n i s h  f l u f f y  d e p o s i t  f o r ,  c o m b u s t i o n  a t  7 6 0  t o r r  
a m b i e n t  p r e s s u r e  ( o f  a r g o n )  b u t  b e l o w  6 0  t o r r  t h e  d e p o s i t  
w a s  b l a c k e r ,  g r i t t y  a n d  t h i n l y  s p r e a d ;  t h e  d e p o s i t  f r o m  
c o m p o s i t i o n  E  w a s  b l a c k e r  g e n e r a l l y  -  i t  w o u l d  b e  e x p e c t e d  
t o  p r o d u c e  m o r e  c a r b o n  -  b u t  s h o w e d  t h e  s a m e  b e h a v i o u r  1 ■ * ■ 
w i t h  p r e s s u r e .
X - R a y  D i f f r a c t i o n  S t u d i e s ' o f  C o m b u s t i o n  P r o d u c t s
, > . A n  a t t e m p t  w a s  m a d e  t o . c h e c k  t h e  M g F 2/ M g  r a t i o  i n  s o m e  
o f  t h e  s o l i d  c o m b u s t i o n  p r o d u c t s . U s i n g  a n a l y t i c a l  g r a d e  M g F 2 
a n d  a t o m i s e d  m a g n e s iu m  o f  t h e  s a m e  g r a d e  u s e d  i n  t h e  p e l l e t ,  
r e f e r e n c e  m i x t u r e s  w e r e  p r e p a r e d  w h i c h  h a d  M g F 2 / M g  w e i g h t  
r a t i o s  o f  0 9 ,  1 * 6  a n d  2 * 1 8 .  C o m p a r i s o n  o f  t h e  X - r a y  d i f f r a c t i o n  
p a t t e r n s  s h o w e d  t h a t  M g F 2 / M g  r a t i o s  o f  2 * 1 8  a n d  1 * 6  c o u l d  b e  
e a s i l y  d i s t i n g u i s h e d  v i s u a l l y ,  b u t  n o t  1*6  a n d  0 * 9 .  7 -V
T h e  p r o d u c t s  o f  c o m b u s t i o n  a t  7 6 0  t o r r  a n d  2 0  t o r r  
a m b i e n t  ( a r g o n )  p r e s s u r e  b o t h  g a v e  d i f f r a c t i o n  p a t t e r n s  w h i c h  
s h o w e d  t h a t  t h e  r a t i o  M g F 2 / M g  w a s  g r e a t e r  t h a n  2 . 1 8 .  T h e  s a m p l e  
f r o m  7 6 0  t o r r  h a d  a  h i g h e r  r a t i o  t h a n  t h e  s a m p l e  f r o m  2 0  t o r r .  :y  
H o w e v e r ,  c o m p a r i s o n  o f  t h e  X - r a y  p a t t e r n s  w a s  c o m p l i c a t e d  b y  
t h e :  f a c t  t h a t  t h e  m a g n e s iu m  i n  t h e  t w o  s a m p l e s  h a d  d i f f e r e n t  
c r y s t a l l i n e  s i z e s ,  w h i c h  w e r e  - a l s o  d i f f e r e n t  f r o m  t h a t  o f  t h e  y ;  
a t o m i s e d  m a g n e s iu m  u s e d  i n  t h e  r e f e r e n c e  m i x t u r e s . T i e  7 6 0  t o r r  
s a m p l e  c o n t a i n e d  m o s t l y  m a g n e s iu m  c r y s t a l l i t e s  w i t h  d i a m e t e r s
Y y  Y.-y Y y y y / y y  ;y  y y y toy. y , y y  y y y ^ y  y  y r y
-  2 3 5  -  ' . '
TOY- .’•;. v , ‘V .•
,  - rY
o f  l y  a n d  l e s s  ( c o n t i n u o u s  d i f f r a c t i o n  r i n g s  o n  t h e  p h o t o g r a p h ) , 
a n d  a  s m a l l  n u m b e r  o f  l a r g e r  p a r t i c l e s  w i t h  d i a m e t e r s  o f  t h e  
o r d e r  o f  l O y  ( d o t s  o n  t h e  r i n g s ) . T h e  2 0  t o r r  s a m p l e 1: g a v e  
d o t t e d  d i f f r a c t i o n  r i n g s  w h i c h  s u g g e s t e d  t h a t  m a n y  o f  t h e  
m a g n e s iu m  p a r t i c l e s  w e r e  i n  t h e  r a n g e  3 - 1 0 y .  T h e  r e f e r e n c e  * 7 • 
m i x t u r e s  c o n t a i n i n g  t h e  o r i g i n a l  a t o m i s e d  m e t a l  g a v e  c o n t i n u o u s  
d i f f r a c t i o n  r i n g s  w i t h  n o  s p o t s .  ' 7: - ■- , A y .
E x a m i n a t i o n  o f  t h e  c o m b u s t i o n  s a m p l e s '  X - r a y  p a t t e r n s  77. 
c o n f i r m e d  t h a t  M g F 2 "a n d  M g  w e r e  t h e  p r i n c i p a l  ( s o l i d )  p r o d u c t s . ;  
N o  e v i d e n c e  w a s  f o u n d  f o r  t h e  p r e s e n c e ;  o f  M g C 2 w h i c h  w o u l d  h a v e  7 
a  w e l l - s e p a r a t e d  d i f f r a c t i o n  r i n g ;  i f  p r e s e n t ,  t h e r e f o r e ,  i t  w a s  
n o t  m o r e  t h a n  5% o f  t h e  p r o d u c t s .  D i f f r a c t i o n  r i n g s  f r o m  M g ^ C ^  
w o u l d  n o t  b e  d i s t i n g u i s h a b l e  f r o m  t h e  s t r o n g  r i n g s  o f  M g  a n d  
M g F 2 . T h e  p r e s e n c e  o f  a  s m a l l  a m o u n t  o f  M gO  w a s  s u g g e s t e d  b y  
t h e  b r o a d e n i n g  o f  s o m e  o f  t h e  M g  a n d  M g F 2 r i n g s .  . , 4
• t i * -
M E A S U R E M E N T  O F  T H E  I1F A T  O F  C O M B U S T IO N  O F  A  M g / P T F E  C O M P O S IT IO N  
E x p e r i m e n t a l  P r o c e d u r e
*• * * . *>J TO ' \ ‘ :to
A  G a l l e r i k a m p  a d i a b a t i c  b o m b  c a l o r i m e t e r  w a s  u s e d  t o  • 
m e a s u r e  t h e  h e a t  p r o d u c e d  w h e n  c o m p o s i t i o n  E  ( 3 8 %  M g )  b u r n e d  TO 
i n  a n  a t m o s p h e r e  o f  a r g o n .  A p p r o x i m a t e l y  2  g  o f  c o m p r e s s e d  
c o m p o s i t i o n  w a s  p l a c e d  i n  a  s t a i n l e s s  s t e e l  c r u c i b l e  w h i c h  w a s  
s u s p e n d e d  i n s i d e  t h e  s t a i n l e s s  s t e e l  b o m b .  T h e  c o m p o s i t i o n  : 
w a s  i g n i t e d  b y  p l a c i n g ,  o n  t o p  o f  t h e  p e l l e t ,  a  s m a l l ,  r / /  - X  • 
w e i g h e d  a m o u n t  o f  p r i m i n g  c o m p o s i t i o n  I ,  a n d  i g n i t i n g  t h e  
p r i m e r  w i t h  a  c o i T  o f  5 A  f u s e  w i r e .  < •  /  /  .TO, ■ ' : <%/ ■
B e f o r e  t h e  c h a r g e  i n  t h e  b o m b  w a s  i g n i t e d ,  t h e  b o m b  
w a s  e v a c u a t e d  t o  a p p r o x i m a t e l y  4 0  t o r r  ,  f l u s h e d  t w i c e  w i t h  
h i g h  p u r i t y  a r g o n , ,  a n d  f i n a l l y  f i l l e d  t o  a t m o s p h e r i c  
p r e s s u r e  w i t h  a r g o n ,  ; /  .■■'*. H
I n  s o m e  o f  t h e  i n i t i a l  e x p e r i m e n t s ,  a  l a r g e  h o l e  w a s  -TO 
m e l t e d  i n  t h e  s t a i n l e s s  s t e e l  c r u c i b l e  a s  t h e  c o m p o s i t i o n  
b u r n e d .  T h i s  w a s  s u b s e q u e n t l y  p r e v e n t e d  b y  a r r a n g i n g  t h a t  
t h e  c r u c i b l e  d r o p p e d  f r o m  i t s  h o l d e r  o n t o  t h e  b a s e  o f  t h e  ' \* 
b o m b  s h o r t l y  a f t e r  t h e  c o m p o s i t i o n  h a d  i g n i t e d .  TO ’ -
T h e  c a l o r i m e t e r  w a s  c a l i b r a t e d ,  i n  t h e  u s u a l  w a y ,  b y  
b u r n i n g  d r y  b e n z o i c  a c i d  ( B r i t i s h  D r u g  H b u s e s  " C a l o r i m e t r i c  
S t a n d a r d "  g r a d e )  i n  2 0  a t m o s p h e r e s  o f  o x y g e n  i n  t h e  b o m b .  - 
A l l  f o u r  c a l i b r a t i o n s  w e r e  i n  a g r e e m e n t  t o  b e t t e r  t h a n  + 0 * 3 5 1 .  
O n e  o f  t h e  c a l i b r a t i o n  r u n s  w a s  c a r r i e d  o u t  a f t e r  m e a s u r e m e n t s  
o n  t h e  p y r o t e c h n i c  c o m p o s i t i o n s  w e r e  c o m p l e t e d .
N o c o r r e c t i o n  w a s  m a d e  f o r  t h e  i g n i t i o n  f u s e - w i r e : 
t l i e  r i s e  i n  t e m p e r a t u r e  i t  p r o d u c e d  i n  t h e  b o m b  w a s  . 
i m m e a s u r a b l y  s m a l i  a n d  i t  w a s  a s s u m e d  t h a t  t h e  w i r e  d i d  n o t  
t a k e  p a r t  i n  a n y  c h e m i c a l  r e a c t i o n  i n  t h e  b o m b .  / i :  . ,
R e s u l t s  /  y  /  \  ;
T i e  o b s e r v a t i o n s  a n d  c a l c u l a t i o n s  a r e  g i v e n  i n  
t a b l e s  A 3 - 1  a n d  A 3 - 2 .  T h e  h e a t  p e r  g r a m  o f  t h e  p y r o t e c h n i c  
c o m p o s i t i o n  w a s  o b t a i n e d  f r o m  f i g .  9 - 3 ,  a s  d i s c u s s e d  i n  
s e c t i o n  9 - 2 .
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T a b l e  A 3 - 2 . C A L IB R A T IO N  O F  BOM B C A L O R IM E T E R  W IT H  B E N Z O IC  A C I D
W t .  B e n z o i c  A c i d , T e m p .  R i s e * i n  B o m b W a t e r  E q u i v a l e n t
W . ' A T o f  C a l o r i m e t e r ,
2 6 , 4 3 5  ^  •
1 * 1 6 4 0  g . 3 - 0 4 0  ° C 2 4 2 1  c a l  0G~1
1 * 1 6 8 6  g . 3 - 0 4 2  ° C 2 4 2 9  c a l  ° C l
1 * 1 1 0 7  g .  . • 2 - 8 8 7  ° C 2 4 3 3  c a l  ° C “ 1
1 * 9 2 2 6  g . 2 - 4 0 2  ° C 2 4  2 9 .  c a l  ° C ' '1
* I n i t i a l  T e m p ,  w a s  i n  r a n g e  2 2 * 5 ° C  t o  2 4 ° C .
C A L C U L A T IO N  O F  H E A T  T R A N S F E R  FR O M  FLA M E  T O  P E L L E T
f o r  . ty f e /P T F E  S Y S T E M
T h e  T e m p e r a t u r e  o f  t h e  F l a m e  R e a c t i o n  Z o n e
A 4 - 1 . 1 .  C a l c u l a t i o n  o f  F l a m e  T e m p e r a t u r e  :
A n  e s t i m a t e  o f  t h e  t e m p e r a t u r e  i n  t h e  f l a m e  
r e a c t i o n  z o n e  i s  r e q u i r e d  f o r  t h e  h e a t  t r a n s f e r  
c a l c u l a t i o n s  i n  s e c t i o n  A 4 - 2 .  T h i s  t e m p e r a t u r e ,  w h i c h  
w i l l  b e  r e f e r r e d  t o  a s  t h e  " f l a m e  t e m p e r a t u r e "  T £ ,  w a s  
c a l c u l a t e d  f r o m  t h e  e n e r g y  b a l a n c e :  . .
‘ H e a t  p r o d u c e d  S p e c i f i c  H e a t  p l u s  R a d i a t i o n
a t  3 0 0 ° K  b y  _  L a t e n t  H e a t  +  l o s s ,  p e r  g r a m ,
r e a c t i o n  o f  1  g r a m  r e q u i r e d  t o  h e a t  o f  p r o d u c t s ,
o f  c o m p o s i t i o n  1  g r a m  o f  p r o d u c t s  f r o m  f l a m e
f r o m  3 0 0 ° K  t o  r e a c t i o n
T £ ° K  z o n e
I t  w a s  s u s p e c t e d  t h a t  t h e  f l a m e  t e m p e r a t u r e  w o u l d  
b e  l i m i t e d  t o  t h e  b o i l i n g  p o i n t  o f  M g F 2 b e c a u s e  o f  t h e  
r e l a t i v e l y  h i g h  h e a t  o f  v a p o r i s a t i o n  o f  l i q u i d  M g F 2 :
7 0  , k c a l  m o l e -1  a t  2 0 0 0 ° K  a n d  66 k c a l  m o l e "1  a t  2 5 0 0 ° K  
( 1 1 4 ) .  A t  1  a t m  p r e s s u r e ,  t h e  b o i l i n g  p o i n t  o f  l i q u i d  
M g F 2 i s  2 5 0 0 ° I C ;  t h e  c a l c u l a t e d  v a r i a t i o n  o f  t h e  b o i l i n g  
p o i n t  w i t h  p r e s s u r e  i s  p l o t t e d  i n  f i g .  A 4 - 1 .
C a l c u l a t i o n s  m a d e  o n  t h e  a s s u m p t i o n  t h a t  t h e  
b o i l i n g  p o i n t  o f  M g F 2 i s  t h e  f l a m e  t e m p e r a t u r e ,  a r e  
s u m m a r i s e d  i n  t a b l e  A 4 - 1 .  I n  t h i s  t a b l e ,  t h e  h e a t  o u t ­
p u t  p e r  g r a m  o f  c o m p o s i t i o n  w a s  c a l c u l a t e d  u s i n g  t h e  
e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  o f  - 1 6 2 * 5  k c a l  p e r  m o l e  
M g F 2 p r o d u c e d .  T h e  s p e c i f i c  h e a t s  a n d  l a t e n t  h e a t s  o f  
t h e  p r o d u c t s  ( M g F 2 ,  C ,  M g )  w e r e  c a l c u l a t e d  f r o m  t h e  d a t a
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i n  t h e  J a n a f  T a b l e s  ( 1 1 4 ) .  F o r  a m b i e n t  p r e s s u r e s  o f  
6 5  t o r r  a n d  2 8  t o r r ,  i t  w a s  a s s u m e d  t h a t  t h e  r e a c t i o n  
w e n t  t o  c o m p l e t i o n .
T h e  r a d i a t i o n  l o s s  f r o m  t h e  f l a m e  w a s  t a k e n  a s :
Q r a d  =  2* r d f r E ( jT f  W 1  c a l  g " 1   ( A 4 - 1 )
i n  w h i c h
b u r n i n g  r a t e  o f  c o m p o s i t i o n ,  g  s  
r a d i u s  o f  f l a m e  =  r a d i u s  o f  p e l l e t ,  c m ;  
h e i g h t  o f  f l a m e  r e a c t i o n  z o n e  ( f i g .  7 - 3 ) ,  c m ;  
e m i s s i v i t y  o f  f l a m e  r e a c t i o n  z o n e ;
S t e f a n ' s  c o n s t a n t  =  1 * 3 6  .  1 0  b ^ c a l  c m  ^ s  b  °IC  
f l a m e  t e m p e r a t u r e  =? b o i l i n g  p o i n t  o f  M g F 2 ( f i g *  A 4 r l ) .
I t  h a s  b e e n  s h o w n  ( s e c t i o n  1 0 - 2 ) ,  t h a t  t h e  e m i s s i v i t y  
o f  t h e  f l a m e  r e a c t i o n  z o n e  i s  1 a t  a m b i e n t  p r e s s u r e s  ' 
g r e a t e r  t h a n  1 5 0  t o r r  a p p r o x i m a t e l y , ,  a n d  f o r  r a d i a t i o n  
a t  v i s i b l e  a n d  u l t r a v i o l e t  w a v e l e n g t h s . A t  l o w e r  
a m b i e n t  p r e s s u r e s  t h e  e m i s s i v i t y  i s  l e s s  t h a n  1  b u t  i s  
n o t  k n o w n  p r e c i s e l y .  I n  t a b l e  A 4 - 1  t h e  r a d i a t i o n  l o s s  
w a s  c a l c u l a t e d  f o r  e  =  1  a n d  e  =  0*1 f o r  t h e  t w o  l o w e s t  
a m b i e n t  p r e s s u r e s .  •
I f  t h e  a s s u m p t i o n  t h a t  T £  i s  t h e  b o i l i n g  p o i n t  
o f  l i q u i d  M g F 2 i s  c o r r e c t  t h e n  t h e  f r a c t i o n  o f  M g F 2 
v a p o r i s e d  w i l l  b e  p o s i t i v e  a n d  l e s s  t h a n  1  i n  t a b l e  
A 4 - 1 .  I f  t h e  f r a c t i o n  i s  n e g a t i v e ,  T £  i s  l o w e r  t h a n  
t h e  b o i l i n g  p o i n t  o f  M g F 2 ; i f  t h e  f r a c t i o n  i s  g r e a t e r  
t h a n  1 ,  T £  i s  h i g h e r  t h a n  t h e  b o i l i n g  p o i n t .  . <
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A4-1.2. Correction for Incomplete Reaction at 28 torr
I t  w a s  f o u n d  t h a t  t h e  o v e r a l l  c o m b u s t i o n  r e a c t i o n .
d o e s  n o t  g o  t o  c o m p l e t i o n  a t  a n b i e n t  c o m b u s t i o n  / -  ' • ,
p r e s s u r e s  l o w e r  t h a n  7 0  t o r r  ( f i g .  9 - 2 ) .  T h e  r e s u l t i n g  
r e d u c t i o n  i n  h e a t  o u t p u t  p e r  g r a m  o f  c o m p o s i t i o n  .
n e c e s s i t a t e s  c o r r e c t i o n s  t o  t h e  d a t a  o f  t a b l e  A 4 - 1 . : : :
A n  u p p e r  l i m i t  t o  t h e  r e d u c t i o n  i n  h e a t  o u t p u t  w a s  ■ 
m a d e  b y  a s s u m i n g  t h a t  t h e  f l a m e  r e a c t i o n s  a r e  v .. \
i n c o m p l e t e  a t  l o w  p r e s s u r e s  ( t h a t  i s ,  t h a t  t h e  p o l y m e r  TO 
.. i s  d e g r a d e d  b u t  s o m e  o f  t h e  g a s e o u s ,  d e g r a d a t i o n  p r o d u c t s  
d o  n o t  r e a c t  w i t h  m a g n e s i u m  -  s e c t i o n  9 - 1 . 3 ( b ) .  I n  
o t h e r  w o r d s ,  t h e  f o l l o w i n g  r e a c t i o n s  a r e  a s s u m e d  TO
p a r t i a l l y  t o  o c c u r  i n  t h e  f l a m e : -  ■ TO % X  v
M g F 2 ( s )  +  1 C  ( s )  ^  Mg  ( g )  +  i C F 4 ( g )  . . . . . ( A 4 - I A )
; /  TO ' AI12000° K  *7 +  -100 k c a l
M g F 2 ( s )  +  C  ( s )  +  M g  ( g )  +  j C 2F 4 ( g )  . . , . .  ( A 4 - I B )
A H2o o o ° k  : +  1 8 4  k c a l
T h e  e x t e n t  o f  o c c u r r e n c e  o f  b o t h  r e a c t i o n s  w a s  
c a l c u l a t e d  f r o m  t h e  d a t a  i n  C h a p t e r  9 .  I f  f p g  i s  t h e
f r a c t i o n  o f  P T F E  w h i c h  d o e s :  n o t  r e a c t ,  a n d  y  w a s  t h e  , .
m e a s u r e d  u n r e a c t e d  m a g n e s i u m  i n  t h e  s o l i d  p r o d u c t s ,  t h e n
y ,  V  ~5QT C1  " mP E  . . . . .  ( A 4 - 2 )
i r o  • mp - i / 'V i;  T~ >  ’TO:,TO
w h e r e  ■ ‘ X ‘ '
'TO m  =  t o t a l  w e i g h t  o f  p e l l e t ;  g .
mMg~ w e i g h t  o f  M g  i n  p e l l e t ;  g .
mP E  =  w e i g B t ,  ° f  P T F E  i n  p e l l e t ;  g .
U s i n g  t h e  v a l u e  o f  f p g  c a l c u l a t e d  f r o m  e q u a t i o n  A 4 - 2  - / A
a n d  t h e  h e a t  o f  r e a c t i o n  I A  o r  I B ,  t h e  r e d u c t i o n  i n  .. 
h e a t  o u t p u t ,  d u e  t o  i n c o m p l e t e  c o m b u s t i o n ,  w a s  
f o u n d .  T h e  r e s u l t s  a r e  g i v e n  i n  t a b l e  A 4 . 2 .  .. A . ? /
T a b l e  A 4 - 2 .  R e d u c t i o n  i n  H e a t  O u t p u t  o f  P e l l e t s  
B u r n i n g  a t  2 8  t o r r  d u e  t o  I n c o m p l e t e  
C o m b u s t i o n  - ;
-  243 -  ; . :
C o m p o s i t i o n y %
; n :  M o l e s  M g F 2 
p e r  g r a m  
p r o d u c t s
1 * ------------- - -— ....-..  ..... i .....
n f -n r jA H 0 : R e d u c t i o n  . * «• A •
• /  : 1 7 •- ~ i
i n  H e a t  O u t p u t ,  c a l  g  ,  b y
R e a c t i o n  I A : : R e a c t i o n  I B
E
’ F  
L
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+  m e a s u r e d  v a l u e s ,  f i g .  9 - 2  
*  E s t i m a t e d  f r o m  t a b l e  9 - 1  a n d  f i g .  9 - 2
T h e  q u o t e d  h e a t s  o f  r e a c t i o n s  I A  a n d  I B  a s s u m e  
t h a t  t h e  p r o d u c t s  a r e  e a c h  a t  1  a t m . .  T h e  c o r r e c t i o n  ■/:: :
r * * ’ *. A . " .A ; /  - -p A.'*' A »* <1
t o  t h e  v a l u e s  i n  t a b l e  A 4 - 2 ,  t o  a l l o w  f o r  e x p a n s i o n ,  i s  \  A 
l e s s  t h a n  10  c a l  g  ^ .  - ' A ; : /
A s s u m i n g  t h a t  t h e  e m i s s i v i t y  o f  t h e  f l a m e  i s  0 * 1  ' .A
a t  . 2 8  t o r r ,  t h e  e n e r g y  a v a i l a b l e  a t  t h e  b o i l i n g  p o i n t  A 
o f  M g F 2 i s  9 7 4 ,  3 9 6  a n d  . - 1 3 0 :  c a l  g  1 f o r  t h e  c o m p o s i t -  . : . 
i o n s  E ,  F  a n d  L  r e s p e c t i v e l y .  T h u s ,  r e f e r e n c e  t o  
t a b l e  A 4 - 2  s h o w s  t h a t  t h e  f l a m e  t e m p e r a t u r e  f o r  / A - W '
c o m p o s i t i o n s  E  a n d  .F  w o u l d  n o t  b e  a f f e c t e d  i f  e i t h e r  _: AA': 
r e a c t i o n  I A  o r  I B  a c c o u n t e d  f o r  t h e  m e a s u r e d  v a l u e  o f  /  .
u n r e a c t e d  m e t a l  i n  t h e  s o l i d  c o m b u s t i o n  p r o d u c t s  . J A A
T h e  f l a m e  t e m p e r a t u r e  o f  c o m p o s i t i o n  L , ' h o w e v e r ,  w o u l d  y  A 
b e  c o n s i d e r a b l y  b e l o w  t h e  b o i l i n g  p o i n t  o f  M g F 2 7 i f
■ " . "A, AA ' : ' A 7A‘ A '.  ' ■
e i t h e r  r e a c t i o n  w e r e  s o l e l y  r e s p o n s i b l e  f o r  t h e  o v e r a l l  
c o m b u s t i o n  r e a c t i o n  n o t  g o i n g  t o  c o m p l e t i o n  a t  2 8  t o r r .
A 4 - 1 . 3  R e s u l t s :  C o m p o s i t i o n s  D ,  E ,  F
T h e  f l a m e  t e m p e r a t u r e  f o r  c o m p o s i t i o n  F  i s  s e e n  
t o  b e  t h e  b o i l i n g  p o i n t  o f  M g F 2 a t  a l l  a m b i e n t  
c o m b u s t i o n  p r e s s u r e s  o f  i n t e r e s t .  T h i s  i s  t r u e  e v e n  
w h e n  t h e  i n c o m p l e t e  o v e r a l l  c o m b u s t i o n  r e a c t i o n  a t  
l o w  a m b i e n t  p r e s s u r e s  i s  t a l c e n  i n t o  a c c o u n t .  T h e '  
f r a c t i o n  o f  M g F ^  w h i c h  i s  v a p o r i s e d  i n  t h e  f l a m e  
r e a c t i o n  z o n e / d e c r e a s e s  w i t h  a m b i e n t  p r e s s u r e  f r o m  7 6 0  
t o  1 2 5  t o r r ;  a s  t h e  a m b i e n t  p r e s s u r e  i s  f u r t h e r  
r e d u c e d ,  t h e  f r a c t i o n  o f  M g F 2 m a y  i n c r e a s e  a g a i n ,  
d e p e n d i n g  o n  t h e  v a r i a t i o n  o f  f l a m e  e m i s s i v i t y  w i t h  
p r e s s u r e .
C o m p o s i t i o n  E  f o l l o w s  t h e  s a m e  p a t t e r n  a s  F ,  
e x c e p t  t h a t  a t  7 6 0  t o r r  t h e  f l a m e  t e m p e r a t u r e  i s  h i g h e r  
t h a n  2 5 0 0 ° K b u t  f a l l s  t o  t h e  b o i l i n g  p o i n t  o f  M g F 2 a s  
t h e  a m b i e n t  p r e s s u r e  i s  r e d u c e d .  ( T h e  s a m e  i s  t r u e  f o r  
c o m p o s i t i o n  D ) .
A l t h o u g h  t h e  h e a t  o f  d i s s o c i a t i o n  o f  M g F 2 i s  h i g h ,  
t h e  d e g r e e  o f  d i s s o c i a t i o n ,  a t  2 5 0 0 ° K  a n d  7 6 0  t o r r  
a n i b i e n t  p r e s s u r e ,  i s  n o t  s u f f i c i e n t  t o  h o l d  t h e  f l a m e  7  . 
t e m p e r a t u r e  o f  c o m p o s i t i o n  E  a t  2 5 0 0 ° K .  F o r  t h e  r e a c t i o n
M g F 2 ( g )  ^  M g F  ( g )  +  F  ( g )  . . . . . ( A 4 - I I A )
AH25q o  ~  1 4 0 . 5  k c a l  m o l e  1
t h e  d e g r e e  o f  d i s s o c i a t i o n ,  a ,  i s  r e l a t e d  t o  t h e  e q u i l i b r i u m  
c o n s t a n t  J L  b y  t h e  r e l a t i o n s h i p  • .
F o r  c o m p o s i t i o n  E ,  t h e  p a r t i a l  p r e s s u r e  o f  M g F ^  ( P j ^ | p  )  
i s  0 * 8  a t m  a n d ,  f r o m  t h e  J a n a f  T a b l e s  ( 1 1 4 ) ,  l o g  
i s  2 * 4 3  .  1 0 " 6 . T h u s  a  i s  1 * 7 5  .  1 0 ~ 3 . h i  1  g r a m  o f  '
.. y ' ' ' •' • - 3  : '•
. p r o d u c t s  f r o m  c o m p o s i t i o n  E ,  t h e r e  a r e  1 2 * 4  . 1 0
m o l e s  M g F ^ y  T h e r e f o r e ,  t h e  a d d i t i o n a l  h e a t  r e q u i r e d
f o r  d i s s o c i a t i o n  a t  2 5 0 0 ° K  i s  o n l y
1 2 - 4  .  10~3 . 1 - 7 5  .  1 0 - 3  . 1 4 0 - 5  . 1 0 +3
o r  a p p r o x i m a t e l y  3  c a l  p e r  g r a m  o f  p r o d u c t s .
A 4 - 1 . 4 .  R e s u l t s :  C o m p o s i t i o n s  L ,  G
, F r o m  , t a b l e  A 4 - 1  i t  i s  s e e n  t h a t  t h e  f l a m e
t e m p e r a t u r e  f o r  c o m p o s i t i o n s  L  a r i d  G i s  l o w e r  t h a n  t h e
b o i l i n g  p o i n t  o f  l i q u i d  M g F 2 a t  a l l .  a m b i e n t  p r e s s u r e s  ,
A t  a m b i e n t  p r e s s u r e s  . f r o m  7 6 0  t o  1 2 5  t o r r ,  t h e  f l a m e  
t e m p e r a t u r e  i s  w i t h i n  a  f e w  h u n d r e d  d e g r e e s  o f  t h e  
b o i l i n g  p o i n t  s i n c e  t h e  s p e c i f i c  h e a t  o f  1 g r a m  o f  .* - 
p r o d u c t s  f r o m  c o m p o s i t i o n  L  i s  3 1  c a l  p e r  1 0 0 ° K  a t  
t e m p e r a t u r e s  i n  t h e  r a n g e  1 8 0 0  -  2 5 0 0 ° K .  A t  a n  : \
a m b i e n t  p r e s s u r e  o f  2 8  t o r r , .  t h e  f l a m e  t e m p e r a t u r e  
c o u l d  b e  a s  l o w  a s  1000° K  b e c a u s e  t h e  o v e r a l l  
c o m b u s t i o n  r e a c t i o n  d o e s  n o t  g o  t o  c o m p l e t i o n .
H e a t  T r a n s f e r  t o  P e l l e t  •
> ‘ * -/ . • • - ’ " ’ •
A 4 - 2 . 1  H e a t / T r a n s f e r  E q u a t i o n
: /  , F i g . 1 0 - 1  s h o w s  t h e  m o d e l  o f  t h e  c o m b u s t i o n  
s y s t e m  u s e d  i n  c a l c u l a t i n g  t h e  v a l u e s  q u o t e d  i n  t a b l e  * 
1 0 - 1 .  C o n d u c t i v e  a n d  r a d i a t i v e  f e e d b a c k  f r o m  f l a m e  t o  
p e l l e t  i s  a s s u m e d  t o  p r o v i d e  t h e  e n e r g y  r e q u i r e d  t o
- 246 -
r a i s e  t h e  t e m p e r a t u r e  o f  t h e  p e l l e t  f r o m  3 0 0 ° I C  t o  T  , 
a n d  t o  d e g r a d e  t h e  p o l y m e r  t o  m o n o m e r  a t  T  . T h e  m e t a l  
p a r t i c l e s  a r e  a s s u m e d  t o  b e  e j e c t e d  a s  s o l i d  p a r t i c l e s  
f r o m  t h e  s u r f a c e  o f  t h e  p e l l e t .
T h e  r a t e  o f  e n e r g y  t r a n s f e r ,  ,  f r o m  f l a m e  t o  
p e l l e t  i s  g i v e n  b y  t h e  a p p r o x i m a t e  e x p r e s s i o n :
Qfs = Ka + a eo c 4 - ’$
p r
;  a21  -  p r
j2 , 2
ct +  r  
p r
i n  w h i c h
(A4-4)
k  =  t h e r m a l  c o n d u c t i v i t y  o f  t h e  m e d i u m  i n  t h e  
r e g i o n  b e t w e e n  f l a m e  a n d  p e l l e t ;  
c a l  s ”1  c m -1  ° K - 1 ; 
a  =  c r o s s - s e c t i o n a l  a r e a  o f  t h e  f l a m e ,  a s s u m e d  
e q u a l  t o  c t f o s s - s e c t i o n a l  a r e a  o f  t h e  p e l l e t  
( • n r 2 ) ;  c m 2 ;
T p  T s  =  f l a m e  a n d  s u r f a c e  t e m p e r a t u r e s ’; ° K ;
d p r  =  d i s t a n c e  f r o m  f l a m e  t o  p e l l e t  s u r f a c e  ( f r o m  
f i g .  7 - 2 ) ;  c m ;  
e  =  e m i s s i v i t y  o f  f l a m e  r e a c t i o n  z o n e ,  a s s u m e d  
e q u a l  t o  1 ;
a  =  S t e f a n ’ s  c o n s t a n t ,  1 * 3 6  .  1 0  b 2 c a l  c m  2 s  B ° K ” ^ ;  
r  =  r a d i u s  o f  p e l l e t ;  a n .
A 4 - 2 . 2 .  E s t i m a t i o n  o f  T h e r m a l  C o n d u c t i v i t y  i n  P r e h e a t  Z o n e
T h e  c o m p o s i t i o n  o f  t h e  p r e h e a t  z o n e  ( f i g .  1 0 - 1 )  
c o n s i s t s  o f  m e t a l  v a p o u r ,  m e t a l  p a r t i c l e s  u n d e r g o i n g  a  
s u r f a c e  r e a c t i o n  a n d  C 2F 4 g a s  a n d  i t s  d e c o m p o s i t i o n /  
r e a c t i o n  p r o d u c t s .  E v e n  i f  t h e  p r e c i s e  c o m p o s i t i o n  a n d  
t e m p e r a t u r e  a t  e a c h  p o i n t  i n  t h e  p r e h e a t  z o n e  w e r e
v‘v:-i'■ V ~V ' ft.;..;.
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k n o w n ,  i t  w o u l d  b e  t e d i o u s  t o  c a l c u l a t e  t h e  t h e r m a l  
c o n d u c t i v i t y .  F o r  t h e  p r e s e n t  p u r p o s e  i t  w a s  t h o u g h t  
s u f f i c i e n t  t o  a s s u m e  t h a t  t h e  m a j o r  g a s e o u s  s p e c i e s  i s
C 2F 4 ,  a n d  t o  t a k e  a n  a v e r a g e  t e m p e r a t u r e  o f  1 7 0 0 ° K ,
A n  u p p e r  l i m i t  f o r  K r  r? a t  1 7 0 0 ° K  w a s  t a k e n  a s
2  4
4 0 0  .  1 0  ^ c a . 1  s  ^ c m  l o K  1  o n  t h e  f o l l o w i n g  c o n s i d e r a t i o n s .
T h e  t h e r m a l  c o n d u c t i v i t y  o f  d i c h l o r o d i f l u o r o m e t h a n e
( C C 1 2F 2 )  i s  r e p o r t e d  ( 1 4 0 )  a s  3 2  .  1 0  ^ c a l  s ^ c m ""1  ° K -1 
a t  3 7 3 ° K .  F r o m  s i m p l e  g a s  k i n e t i c  t h e o r y  ( 1 1 8 )  t h e
v a r i a t i o n  o f  c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  f o l l o w s  t h e  
l a w
S r  .  (TM)8  .  ( A 4 - 5 )
i n  w h i c h
c  =  s p e c i f i c  h e a t  a t  c o n s t a n t  v o l u m e ,  c a l  g " 1 ;
v 2 
s  =  k i n e t i c  t h e o r y  c r o s s - s e c t i o n ,  c m  ;
M  =  m o l e c u l a r  w e i g h t ;
T  =  t e m p e r a t u r e ,  ° K .
T h u s  k  f o r  C C 1 2F 2 a t  1 7 0 0 ° K  i s ,  f r o m  e q u a t i o n  ( A 4 - 5 ) ,  
a p p r o x i m a t e l y  1 0 0  .  1 0 ~ ^ c a l  s ' ^ c m ”1  ° K ” 1 .
T h e  c o n d u c t i v i t y  o f  n i t r o g e n  h a s  b e e n  m e a s u r e d
( 6 3 )  a s  1 7 1  . 1 0 " 6 c a l  s r l c n f l o K  1 a t  1 2 0 0 ° K .  U s i n g
e q u a t i o n  ( A 4 - 5 ) ,  a n d  a s s u m i n g  c o n s t a n t  c  ,  K i s  2 0 4  .  1 0 ~ b  
a t  1 7 0 0 ° K .  N o w  c y  f o r  C 2F ^  i s  s o m e  f o u r  t i m e s  t h a t  o f  
N 2 a t  1 7 0 0 ° K  ( 1 1 4 )  b u t  i t s  c r o s s - s e c t i o n  i s  l i k e l y  t o  
b e  a b o u t  t w i c e  t h a t  o f  N 2 * T h u s  S r  i s  r o u g h l y  t h e  s a m e
f o r  b o t h  m o l e c u l e s  a n d
KC0F. “ k-H .  n o o2l 4 2 L 28"..
 i 2.   -. 7
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'=  4 0 0  .  K f 6 c a l  s " 1  ° K "1 
A 4 - 2 . 3 .  E s t i m a t i o n  o f  S u r f a c e  T e m p e r a t u r e  T g
T h e r m p - g r a v i m e t r i c  s t u d i e s  r e p o r t e d  b y  s e v e r a l
a u t h o r s  ( 1 3 1 ,  1 4 1  t o  1 4 4 )  h a v e  s h o w n  t h a t  t h e  b u l k
d e g r a d a t i o n  o f  P T F E  i n  a  v a c u u m  o b e y s  a  f i r s t  o r d e r
r a t e  l a w  i n  t h e  t e m p e r a t u r e  r a n g e  6 3 5  -  8 2 5 ° K .  T h e
a c t i v a t i o n  e n e r g y  h a s  b e e n  m e a s u r e d  ( 1 3 1 ,  1 4 1 ,  1 4 2 ,  1 4 3 )
-1
a s  7 4  -  8 4  k c a l ( m o l e  C 2F 4 )  ,  a l t h o u g h  a  v a l u e  a s  l o w
a s  6 5  ±  4  k c a l  ( m o l e  C ^ F ^ V  h a s  b e e n  r e p o r t e d  ( 1 4 4 ) .
T h e  f i r s t  o r d e r  r a t e  c o n s t a n t ,  b ,  w a s  f o u n d  ( 1 3 1 ;  1 3 3 ,  
1 4 3 )  t o  b e
, _  „ . 7 i n 1 8  - 8 0 , 5 0 0 s  -1  r . A Asb ” 4 / • XO sxp pFjt— J y s • • • * • (A4-6J
S i n c e  t h e  m a s s  o f  p o l y m e r  i n  t h e  s o l i d  s t a t e  r e a c t i o n  
z o n e  ( f i g .  10 - 1 )  r e m a i n s  c o n s t a n t  a s  t h e  p e l l e t  b u m s ,  
t h e  t e m p e r a t u r e  i n  t h i s  r e a c t i o n  z o n e ,  T s ,  m a y  b e  
d e t e r m i n e d  f r o m  t h e  e x p r e s s i o n
m  f p g  =  b  d m  .............. ( A 4 - 7 )
_1
i n  w h i c h  m  i s  t h e  o b s e r v e d  b u r n i n g  r a t e  ( g  s  )  o f  t h e  
p e l l e t ,  f p E  i s  t h e  f r a c t i o n  b y  w e i g h t  o f  p o l y m e r  i n  t h e  
c o m p o s i t i o n  a n d  d m  i s '  t h e  m a s s  o f  p o l y m e r  i n  t h e  s o l i d  
s t a t e  r e a c t i o n  z o n e .  U n f o r t u n a t e l y ,  d m  i s  n o t  k n o w n ,  
b u t ,  b e a r i n g  i n  m i n d  t h a t  t h e  m e t a l  p a r t i c l e s  c o n d u c t  
h e a t  t o  t h e  p o l y m e r  b e n e a t h  t h e m ,  a  r e a s o n a b l e  a p p r o x ­
i m a t i o n  i s  t o  a s s u m e  t h a t  t h e  e f f e c t i v e  r e a c t i o n  z o n e  
e x t e n d s  i n t o  t h e  p e l l e t  t o  a  d i s t a n c e ,  d  ,  e q u a l  t o  a  
f e w  m e t a l  p a r t i c l e  d i a m e t e r s ,  t h a t  i s ,  a p p r o x i m a t e l y  
l O O y .
A s s u m i n g  T  =  1 0 0 0 ° K ,  e q u a t i o n  ( A 4 - 6 )  g i v e s  
■ ; s  .
b  =  1 5  s  . .  F o r  c o m p o s i t i o n  F ,  t h e  v a l u e  o f  m f P P  i n  y
! '-I v ■'* V* *| s'l Jt Hi; ’*
e q u a t i o n  ( A 4 - 7 )  i s  2 * 2 4  . 1 0  g  s  a t  7 6 0  t o r r  s o  
t h a t  d g r  i s  1 1 5 i i .  ( F o r  c o m p o s i t i o n  E  i t  i s  7 0 y  a t  
7 6 0  t o r r ) . I f  T g  =  9 2 5 ° K ,  t h e  v a l u e  o f  d s r  i s  
i n c r e a s e d  b y  a  f a c t o r  o f  2 5 .  . ‘ ; :
, I n  c a l c u l a t i n g  m a x i m u m  r a t e s  o f  h e a t ,  c o n d u c t e d  
f r o m  f l a m e  t o  p e l l e t ,  a  v a l u e  o f  T g  =  9 0 0 ° K  w a s  c h o s e n  
f o r  t h e  f o l l o w i n g  • r e a s o n s :
( a )  t h e  r a t e  l a w  o f  e q u a t i o n  ( A 4 - 6 )  i s  k n o w n
t o  h o l d  t o  8 2 5 ° K  b u t  a t  h i g h e r  t e m p e r a t u r e s  
a  f a s t e r  r a t e  m a y  a p p l y ;
( b )  c a t a l y t i c  e f f e c t s  h a v e  b e e n  i g n o r e d ;
( c )  a  c h a n g e  o f  4% i n  t h e  a c t i v a t i o n  e n e r g y  
( 8 0 , 5 0 0  c a l )  c h a n g e s  t h e  r a t e  c o n s t a n t  b y
• - a  f a c t o r  o f  1 0  a t  T g  =  1 0 0 0 ° K .
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A 5 - 1 .  E n e r g y  C o n s e r v a t i o n  E q u a t i o n  4 A / . - ;  ; A + 7 t o - V [ ;
A5. TEMPERATURE GRADIENT IN Mg/PTFE PELLETS DURING COMBUSTION
: . /  C o n s i d e r i n g  a  o n e - d i m e n s i o n a l  m o d e l  o f  t h e  c o m b u s t i o n
s y s t e m  ( f i g .  10 - 1 ) ,  t h e  r e q u i r e m e n t  o f  e n e r g y  c o n s e r v a t i o n  a t  
a n y  p l a n e  l e a d s  t o  w e l l  k n o w n  e q u a t i o n  ( 2 6 ) :
d '  dT'  - I  j A cpT) + % e m  = 0 Y A 'A
i n  w h i c h
a  =  c r o s s - s e c t i o n a l  a r e a ,  c m  ...
z  =  d i s t a n c e  f r o m  s u r f a c e  o f  t h e  p e l l e t ,  , c m .
( p o s i t i v e  i n  f l a m e ,  n e g a t i v e  i n  p e l l e t )
=  t h e r m a l  c o n d u c t i v i t y  a t  z ,  c a l  s -1  c m  1  ° K y
c  =  h e a t  c a p a c i t y  p e r  u n i t  m a s s  a t  z ,  c a l  g ~ b  0 K y
P
=  t e m p e r a t u r e ,  ° K
e m  =  r a t e  o f  h e a t  r e l e a s e  p e r  u n i t  V o l u m e  d u e  t o  
c h e m i c a l  r e a c t i o n  a t  z ,  c a l  s ’ -  c m y \ 4y  A ?
m  =  r a t e  o f  c o m b u s t i o n  o f  t h e  p e l l e t ,  g  s ~ b
I n  t h e  s o l i d  p h a s e ,  b e l o w  t h e  s o l i d  s t a t e  r e a c t i o n  z o n e ,  i t  i s
a s s u m e d  t h a t  < a n d  c  a r e  i n d e p e n d e n t  o f  t e m p e r a t u r e  a n d  t h a t
... ' i». ■ P  ■' ■ Q ,
i e m  1 S  z e r o  • S i n c e  P T F E  h a s  a  m e l t i n g  t r a n s i t i o n  a t  6 0 0  K
e m  i s  n o t  z e r o  a t  a l l  p o i n t s ,  b u t  t h i s ; w i l l  b e9
i g n o r e d  f o r  s i m p l i c i t y .  W i t h  t h e s e  a s s u m p t i o n s t h e  e n e r g y  
b a l a n c e  i n  t h e  s o l i d  b e c o m e s
d 2 T  t i e  d T .  n  ' 'T O  rA C  , v
k — j  "  ,F ~ P  :— : -  0  . . . . . . .  ( A 5 - 2 )
d z  a  d z  ' -
A 5 - 2 .
- 253
I n t e g r a t i n g  t h i s  e q u a t i o n  g i v e s  ,  f o r  t h e  t e m p e r a t u r e  T  a t  < 
a n y  z .  i n  t h e  p e l l e t : .  • ! " :
s  • o
. . . . . ( A 5 - 3 )
w h e r e
VO,
T q  =  i n i t i a l  t e m p e r a t u r e  o f  s o l i d ,  K .
T s  =  s u r f a c e  t e m p e r a t u r e  o f  s o l i d ,  K .
E s t i m a t i o n  o f  c  a n d  k
V—iX. TO •' h‘ •_______  lr
: /  F o r  p u r p o s e s  o f  c a l c u l a t i o n ,  T q  i s  . t a k e n  a s  3 0 0  K
a n d  T  a s  9 0 0 °  K ;  c  i s  n e a r l y  0 * 3 1  c a l  p e r  g r a m  o f  % X . r X
s  —  " 7 p
c o m p o s i t i o n  f o r  a l l  c o m p o s i t i o n s  s i n c e  t h e  c h a n g e  i n  e n t h a l p y  -TO
b e t w e e n  9 0 0 ° K  a n d  3 0 0 ° K  i s  4 . 1  k c a l  m o l e  f o r  m a g n e s i u m
a n d  2 0 . 5  k c a l  m o l e  B ( i n c l u d i n g  A H  m e l t i n g )  ■ f o r  P T F E  ( 1 1 2 ,  1 4 5 )  . 
T h e  m a s s  b u r n i n g  r a t e ,  m ,  a t  7 6 0  t o r r  i s  o b t a i n e d  f r o m  t a b l e  y
8-1. v . /': • ; ■ . - '.  V - -  TOX'yTO
TO; : T h e  t h e r m a l  c o n d u c t i v i t y ,  k ,  o f  t h e  p e l l e t s  i s  m o r e  ; TO, ,
d i f f i c u l t  t o  e s t i m a t e .  H o w e v e r ,  a  c o m p a r i s o n  o f  t h e  a c t u a l  TO/ ’
a n d  t h e o r e t i c a l  d e n s i t i e s  o f  t h e  p e l l e t s  i n d i c a t e s  t h a t  - TO v y TOX. ; 
t h e r e  a r e  n o  v o i d s  i n  t h e  p e l l e t s .  I n  a d d i t i o n ,  s i n c e  t h e
p a r t i c l e  s i z e  o f  P T F E  ( 3 0  y )  a n d  m a g n e s i u m  a r e  a p p r o x i m a t e l y  ;
t h e  - s a m e ,  a n d  s i n c e  t h e  h i g h  ' c o m p a c t i n g - ;  p r e s s u r e  u s e d : + h ‘ 
m a k i n g  t h e  p e l l e t s  w o u l d  c a u s e  t h e  p o l y m e r  t o  f l o w , - ' i t s e e m s T O T O l ;  
r e a s o n a b l e  t o  s u g g e s t  t h a t  t h e  m e t a l  p a r t i c l e s  a r e  i s o l a t e d  
f r o m  e a c h  o t h e r  b y  a t  l e a s t  a  t h i n  l a y e r  o f  p o l y m e r  TO 
c o n d u c t i v i t y  o f  a  p e l l e t  o f  a  g i v e n  c o m p o s i t i o n  v i s  - / t a f e e r i f v ; : '  v /T O X "  
a s  t h a t  o f  a  m a t e r i a l  c o n s i s t i n g  o f  a l t e r n a t e  l a y e r s  o f  -'TO
m e t a l  a n d  p o l y m e r ,  t h e  r a t i o  o f  t h e  l e n g t h s  o f  t h e  l a y e r s  ; 
b e i n g  t h e  s a m e  a s  t h e  m e t a l / p o l y m e r  r a t i o ‘ , ; y / .
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TllUS .
■ ' r ' f r  i  ' '  ‘ y j M g  +  f r a
: ' :  y p e l l e t  KM g  ' k P E
w h e r e  f ^  a n d  f p ^ ,  a r e  t h e  w e i g h t  f r a c t i o n s  o f  m a g n e s i u m  a n d  P T F E . : .  . 
r e s p e c t i v e l y ,  i n  t h e  c o m p o s i t i o n .  T h e  t h e r m a l  c o n d u c t i v i t y  o f  1 1 ,  /  
P T F E  i n  t h e  r a n g e  0  t o  1 0 0 ° C  i s  6 • 2 . 1 0 “ 4 c a l  s ^ c m ' - L 1 ( 1 4 6 ) ,  ’ > ' G
: a  w h i c h  i s  5 0 0  t i m e s  s m a l l e r  t h a n  t h a t  o f  m a g n e s i u m  ( 1 1 2 )  < H e n c e ,  :
e q t .  ( A 5 - 4 )  b e c o m e s :  ’ J . : y  :  v '  ; ;  . - / V
7 ,  s e i i e t * 7m  l y  "7 7 ' ?  y ■ / g y l ••••■
y  y - y y - i ,  - p e  y y  - : 7 ,  X L / > ; > » ,  : y ; y ;
T h i s  i s  a  w o r s t - c a s t  c o n d u c t i v i t y ,  s i n c o  i t  a s s u m e s  t h a t  h e a t  i s  
c o n d u c t e d ,  o n l y  i n  a  v e r t i c a l  d i r e c t i o n  t h r o u g h  t h e  p e l l e t  a n d  
t h e r e  i s  n o  z i g - z a g  c o n d u c t i o n  b e t w e e n  t h i n l y  i s o l a t e d  m e t a l  ;
p a r t i c l e s , . .  A c c o r d i n g ;  t o  e q t . ( A 5 - 3 )  , .  d e c r e a s i n g  t h e  c o n d u c t i v i t y  ■ 
i n c r e a s e s  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  s o l i d .  ■ ' : . , y "
A 5 - 3 .  R e s u l t s  / ' I . - :  / y ' / G  *. J  •; /  ' y  ' .• ;• y / ; j k / y "  '
A 5 - 3 . 1  E x t e n t  o f  T e m p e r a t u r e  G r a d i e n t  i n  P e l l e t  x l - y  .. ' 7  / . .  7 y 7 V .
. m e  ’ • • ' ‘ V. ■ .
T h e  t e r m   p  f o r  t h e  c o m p o s i t i o n s  i s  g i v e n  i n  t a b l e  A 5 - 1 .
y\rvy 7 a K ,  - ! • / ‘ .- " 7. •••.-.; y,; • 1  - •/{:///-■
. ; f o r  i h . a t  7 6 0  t o r r .  7 7 . y : 7 f r y  ' 7 1
T a b l e  A 5 - 1 .  7 7  ■ .  • y y  - x . ’/ I  7 / .  ■ . . * • , ' + .  .
V; . (iff; i£" ITIC ' . • * ., y
A v e r a g e  v a l u e s  o f  p  f o r  C o m p o s i t i o n s  D ,  E ,  F  a n d  L  77 7 / y  * --7 y y y : -
C o m p o s i t i o n  ' > .D . . E  .7 y . F I - . .L "7 .7  ;
A C  _  . 
y — (  K - c m ). clK . . 6 4 7 5 . 4 8 4
2 7 5 - 1
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. . 7' : : V a l u e s  f o r  T  f o r  d i f f e r e n t  ( n e g a t i v e )  v a l u e s  o f  z  v / i l / S  v ?
; w e r e  :c a l c u l a t e d  f r o m  e q t .  ( A 5 - 3 ) a n d  a r e  g i v e n  i n  t a b l e  A S ^  ; ' A y  / A
f o r  c o m p o s i t i o n s  D ,  F  a n d  L .  F r o m  t h e  t a b l e  t h e  e x t e n t  o f  ' A y y  y
t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  p e l l e t  i s  780y f o r  D  a n d  .> ,■
180y f o r  L .  F o r  D ,  E  a n d  F ,  t h e r e f o r e ,  t h e  e x t e n t  o f  t h e  A y
t e m p e r a t u r e  g r a d i e n t  i s  m u c h  g r e a t e r  t h a n  t h e  p a r t i c l e  
s i z e  o f  t h e  P T F E .  F o r  t h e  f a s t - b u r n i n g  c o m p o s i t i o n  F L / B ,  A A A A y  .;•/
h o w e v e r ,  t h e  e x t e n t  o f  t h e  t e m p e r a t u r e  g r a d i e n t  w o u l d  b e  • ; - y
A ; a p p r o x i m a t e l y  t h e  s a m e  a s  f o r  c o m p o s i t i o n  L ,  180y ,  a n d  ' y \A . ■ y ; y  
v, / t h i s  i s  l e s s  t h a n  t h e  P T F E ;  p a r t i c l e  s i z e  i n  t h i s  A  ;; - A; : :
A  c o m p o s i t i o n .  : 7 A  ' : ' A A A [ r A v- ’ A  v  A a "  '*■ • • ; y  . / A A A
A T a b l e  A S - 2 .  C a l c u l a t e d  V a r i a t i o n  o f  T e m p e r a t u r e  w i t h  
f;A  y A  D i s t a n c e  b e n e a t h  B u r n i n g  S u r f a c e  o f  P e l l e t s
7 7 - A  ( 7 6 0  t o r r ;  0 . 5  i n  d i a .  p e l l e t s ) .  A ;77y A  A
T e m p e r a t u r e D i s t a n c e  b e n e a t h  S u r f a c e
C o n p o s i t i o n  D V . - F  V :A- • y -  L  Z  ' '7 77
A. 9 0 0 ° K  A . / A O y y A  ' 7 0  y / ^ O ' Y A r - A
A  8 4 5  / -Ay a I A :  • 1 5 . 6  ; 7 1 1 . 9 3 . 6
7 9 0  . 3 1 . 2  A 2 3 . 8 7 . 3
. 7 0 0 6 2 . 4  - v 4 7 . 7 1 4 . 5  > 7 ; ;
• 5 9 6 1 0 9 : y  ; 8 3  . 0 2 5  . 4  ; . v  7
; . 5 2 1 ■' ' 1 5 6  A v ' ’ 1 1 9 3 6 . 4
A  4 8 0  y A y  A . 1 8 7 1 4 3 4 3 . 7
7 4 2 1  ■ A 7 • 2 5 0 . > 1 9 0 5 8 . - 2
A A 3 8 1  A A  . - A -  3 1 2 2 3 8 7 2 . 8 ;  X 7 y V
354 A /  A ;[  77- . .7 3 7 5 2 8 .6 8 7 . 5
3 3 6  y 4 3 7 3 3 2 1 0 3  A - A  ’
A 3 3 0  . ' 4 6 8 3 5 7 1 0 9  A A .
3 1 1  y  ‘ 6 2 4  . 4 4 7  y A 1 4 5  - A A '; :a y
3 0 6 . 7 7 0 3 5 3 5 1 6 4
3 0 4  A AA 7 8 0 5 9 5 1 8 2  / A  A.A
A 5 - 3 . 2  H e a t i n g  T i m e  o f  P o l y m e r  P a r t i c l e
■ F r o m  t a b l e  A 5 - 2 ,  a n d  t h e  b u r n i n g  r a t e  d a t a  o f  TO /  .
f i g s , 8 - 1  t o  5 ,  t h e  t i m e  f o r  a  3 0 y  P T F E  p a r t i c l e  t o  ' 
p a s s  t h r o u g h  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  p e l l e t  TO , "  
a n d  i n t o  t h e  s o l i d - s t a t e  r e a c t i o n  z o n e  c a n  b e  f o u n d . . ,  4 ]  
F o r  t h e  c o m p o s i t i o n s  D ,  F  a n d  L ,  t h e s e  t i m e s  are] X X ;  
1 0 / 4 , 1 0  /  s ,  4  • I f t l O ’V  ] a n d  0 *  3 0  . l O ^ s  r e s p e c t i v e l y . / /  X ;  TO 
( c o r r e s p o n d i n g  t o  t h e  h e a t i n g  r a t e s  o f  6 0 0 ° K  s  B f o r  
D a n d  2 0 , 0 0 0 ° K . s ”1  f o r  L ) .  TO xTOYcTOTO"
B e c a u s e  t h e  P T F E  p a r t i c l e s  a r e : s m a l l  c o m p a r e d  
w i t h  t h e  e x t e n t  o f  t h e  t e m p e r a t u r e  g r a d i e n t ,  a n d  v-TO 
b e c a u s e  t h e y  a r e - s u r r o u n d e d  b y  m e t a l  p a r t i c l e s ,  t h e  X  
P T F E  p a r t i c l e s  m a y  b e  c o n s i d e r e d  a s  s p h e r e s  w h o s e  . y  X T O /  
s u r f a c e  t e m p e r a t u r e  i n c r e a s e s  a t  a  c o n s t a n t  r a t e .
T h e  t e m p e r a t u r e  a t  t h e  c e n t r e  o f . a  s p h e r e  w h o s e  s u r f a c e  
t e m p e r a t u r e  i s  i n c r e a s i n g  l i n e a r l y  w i t h  t i m e ,  m a y  b e  TO ; 
f o u n d  f r o m  t h e  s o l u t i o n  o f  t h e  r e l e v a n t  e q u a t i o n  o f  . /
u n s t e a d y  h e a t  c o n d u c t i o n . .  T a b l e s  o f  v a l u e s  a r e  g i v e n  
i n  s t a n d a r d  t e x t s  o n  h e a t  t r a n s f e r . :  F o r  t h e  c e n t r e  . 
t e m p e r a t u r e  t o  b e  0 * 8  o f  t h e  s u r f a c e  t e m p e r a t u r e  i n  ‘ TO/ 
t h e s e  c i r c u m s t a n c e s ,  J a k o b ’ s  t a b l e  ( 1 3 8 )  g i v e s  t h e  T O ;, 
c o n d i t i o n  t h a t
%  = 0 . 7 9 2  ; X :" : ■ ; X  •; . . . . . ( A 5 - 6 )
r -TO ■’ ‘ TO 4 " TO',: .X
w h e r e  " X - / .  X .  .XTO ' TO, X :
3 =  ~ ~  f t 2 h r  b  ( t h e r m a l  d i  f f u s  i v i t y )
' ' ' - '• ’ fa TOP . - , X  . ” ■ -..yVftTO
t  =  t i m e ,  h r s .  • ■ TO . X
r  «  p a r t i c l e  r a d i u s  i n  f t ,  , X  ; •;/. TO y
F o r  3 0 y  d i a m e t e r  p a r t i c l e s  o f  P T F E ,  t  m a y  b e  c a l c u l a t e d  
a s  2  m s . ; F o r  2 0 0 y y p a r t i c l e s ,  t  i s  9 0  m s .
M O RE R E C E N T  L IT E R A T U R E  . . .  .
P y r o t e c h n i c  F l a m e s - X X -  ' ; TO:X X '
D . I z o d  ( U n i v e r s i t y  o f  S u r r e y  1 9 7 2 )  h a s  p u b l i s h e d  /  
m e a s u r e m e n t s  o f  t h e  s p e c t r a l  p o w e r  d i s t r i b u t i o n  ( 9 0 0 0  X X  
4 0 0 0  A )  e m i t t e d  b y ,  t h e .  f l a m e s . f r o m  a  w i d e  v a r i e t y  o f  ;■ X X X - . '  • 
r e p r e s e n t a t i v e  p y r o t e c h n i c  c o m p o s i t i o n s . T h e  c o m p o s i t i o n s  y 
w e r e  b u r n e d  a t  7 6 0  t o r r  a n d  r a d i a t i o n  f r o m  t l i e  w h o l e  
f l a m e  a r e a  w a s  r e c o r d e d .  E f f e c t i v e  e m i t t i n g  t e m p e r a t u r e s  
w e r e  c a l c u l a t e d .  ; .  X y  • /  j:, X , ; X  . X X .  . - X X  X  .
. v  R . M . B l u n t  ( U . S .  G o v e r n . R e s  . D e v e l o p . R e p .  7 0  ( 1 6 )  ,  . ;  . f t -
9 1 ,  1 9 7 0 )  h a s  r e p o r t e d  a  s p e c t r o r a d i o m e t r i e  s t u d y  ; X f : X  X X " 
( 1 1 , 7 0 0  -  43C X ) A )  . o f  t h e  f l a m e s  f r o m  M g /M N O ^ , : M g /M  ( N Q g )  2 :X X "  
a n d  M g / N a C l O ^  c o m p o s i t i o n s  b u r n i n g  a t  6 3 0  t o r r ,  a n d  f r o m  a
M g /N a N O ^  c o m p o s i t i o n  c o n t a i n i n g  5  p e r  c e n t  l a m i n a e  b u r n i n g  a t  
p r e s s u r e s  1  t o  7 6 0  t o r r .  ,• / .  ■; ■ • 4 .  .^XTOX'XTO X X
W . T . B i g g s  ( U . S . G o v e r n . 4 - R e s  .  D e v e l o p .  R e p .  7 0  ( 1 7 )  ,
1 8 1 ,  1 9 7 0 )  h a s  m e a s u r e d  b u r n i n g  t i m e s ,  r e l a t i v e ; l u m i n a n c e  y  -
  x - .  •: ' ■ •;/ f ■ ’ o  v ' A y v y , :
k a n d  s p e c t r a l  p o w e r  d i s t r i b u t i o n  ( 7 0 0 0  -  2 0 0 0  A )  o f  ' - / X X X '
M g /N a N O ^  p e l l e t s  i n  w h i c h  d i e  n i t r a t e  w a s  d o p e d  w i t h
v a r i o u s  c o n t a m i n a n t s .  S o m e  d o p a n t s  w e r e  f o u n d  t o  e n h a n c e
d e s i r a b l e  p r o p e r t i e s .  X  : : X X X X y X X X .
I g n i t i o n ; a n d  C o m b u s t i o n  o f  M a g n e s i u m  P a r t i c l e s  ... ; X X X :
I . L i e b m a n ,  C o r r y  a n d  P e r l e e  ( C o m b . S c i .  a n d  T e c h .  X X  
_ 5 , 2 1 ,  1 9 7 2 )  s t u d i e d  t h e  i g n i t i o n ,  b y  l a s e r  i r r a d i a t i o n ; /  - ; 
a n d  s u b s e q u e n t  c o m b u s t i o n  o f  s i n g l e  m a g n e s i u m  p a r t i c l e s  
l e v i t a t e d  i n  a r g o n / o x y g e n  a t m o s p h e r e s ... P a r t i c l e s  h a d  a  . 
d i a m e t e r  i n  t h e  r a n g e  3 0  t o  1 2 0 y .  I t  w a s  f o u n d  t h a t ,  f o r  . ; . /  ’ 
i g n i t i o n ,  t h e  r a d i a n t  p o w e r  d e n s i t y  h a d  t o  b e  s u f f i c i e n t  
t o  h e a t  t h e  p a r t i c l e  t o  i t s  b o i l i n g  p o i n t  ( 1 3 7 6 ° K ) ;
> 5 : ; . .  y . . W x V ’/ l " ' -
fr i- Y . ’: J;/;s -i:*
• 7 • '  i g n i t i o n  o c c u r r e d  b y  m e a n s  o f  a  v a p o u r  p h a s e  p r o c e s s .  , 7 . '7  ..:
I n  h o t  g a s  i g n i t i o n  e x p e r i m e n t s ;  ( s e c t i o n  3 - 4 )  ,  m a g n e s i u m  - v y l :  . 7 ; y
' ;  / .  y  • y ; p a r t i c l e s  i g n i t e d  a t  t e m p e r a t u r e s  n e a r  t h e i r  m e l t i n g  >  • / • v * ‘ /
y ' / .  p o i n t  a n d  t h e  i g n i t i o n  r e a c t i o n s  w e r e  h e t e r o g e n e o u s .  7  - . ; > y  ;;
/ •  B u r n i n g  t i m e s  o f  p a r t i c l e s  o f  a  g i v e n  s i z e  i r r a d i a t e d  - .y
y ' - a t  t h r e s h o l d  l e v e l  w e r e  f o u n d  t o  v a r y  b y  a  f a c t o r  o f  7 7! ' ’ 7 7 . .  y y
y y  f o u r  b u t  b r a c k e t e d  t h e  v a l u e s  o b t a i n e d  i n  h o t  g a s  ’t ( ; -  : . /
. . 7 7 7  e x p e r i m e n t s  ( s e c t i o n  3 - 2 . 2 ) .  . ,  . 7 y y t i . / ; • . • / !  ; 77 J - 1
'■ ' '  • ' - y ; . y "  C . P  . R i c h a r d s ,  N e t t l e  t o n  a n d  T h a c k e r a y  ( P r i v a t e  7 7  «• .
C o m m u n i c a t i o n ,  1 9 7 0 )  u s e d  t h e  t e c h n i q u e  o f  m o u n t i n g  a  .7  
,7  s m a l l  c o n t a i n e r  o f  m a g n e s i u m  p a r t i c l e s  ( 1 5  t o  3 0 y ) . i n  7 ' /
v ; '': o x y g e n  i n  a  s h o c k  t u b e ,  O n  s h o c k i n g  t h e  o x y g e n  w i t h  a  i y -:}4 ; /  y  ‘
, ' . h e l i u m  d r i v e r  g a s ,  t h e  p a r t i c l e s  w e r e  d i s p e r s e d  b y  t h e  ,  y . 7
.7 7 . p r i m a r y  s h o c k  a n d  i g n i t e d  b y  t h e  r e f l e c t e d  s h o c k .  A n  . . V
o x y g e n  t e m p e r a t u r e  o f  9 0 0 ° K  w a s  r e q u i r e d  f o r  i g n i t i o n  ( y 7• j  7 :  ■ y  ■
v 7-y  . o f  t h e  p a r t i c l e s .  U n d e r  t h e  m o s t  i n t e n s e  s h o c k s ,  t h e  ‘ y  .
v - ;7 .1 *l: ' ’1 l a r g e r  m a g n e s i u m  p a r t i c l e s  w e r e  f l e c k e d  w i t h  o x i d e  a n d  y /  > ■ ■} i
p i t t e d ;  a n d  a  w h i t e  s m o k e  f i l l e d  t h e  / t u b e .  M a x i m u m  y y  ; y . y : %
7 7 , ' t e m p e r a t u r e  o f  t h e  s y s t e m  w a s  2000° K .  ( A  M g /K N O ^  m i x t u r e  . ; 7,
> > . 1 ; y  . s h o c k e d  t o  1 1 0 0 ° K  r e s u l t e d  i n  l i t t l e  o x i d a t i o n  o f  t h e / I T i / ; ' - / ' . .  ;
7 ,7  • 7 V L ..\ ■ m e t a l  a n d  u n c h a n g e d  K N O ^ p a r t i c l e s ) .  . • - . ■ y / y / "  y / y / y j  v  7 7
A 6 - 3 .  . V a p o u r - P h a s e  R e a c t i o n s  b e t w e e n  M a g n e s i u m  a n d  O x y g e n - 7 7.:.7 £7-yr
; . , 77 y  /  A n  a t t e m p t  t o  u s e  t h e  s h o c k  t u b e  t o  s t u d y  t h e  y ,  ' 7 . ; j
-• 7  7 k i n e t i c s  o f  t h e  g a s - p h a s e  r e a c t i o n s  b e t w e e n  m a g n e s i u m  a n d /  /  ' - {
- o x y g e n  w a s  r e p o r t e d  b y  A . M . M e l l o r  ,  W i t t i g .  a n d  W h i t a c r e  7 , ; y  , * j
, ; '  v  - '• ( C o m b . S c i . .  a n d  T e c h . 4 ,  3 1 ,  1 9 7 1 ) .  A  m a g n e s i u m  w i r e  w a s  7 y  /  y  j
7 ? > '/ * ;■  e x p l o d e d  i n t o  a n  a r g o n / o x y g e n  a t m o s p h e r e  a n d  t h e  r e s u l t i n g  ■ ; . . j
p a r t i c l e  d i s p e r s i o n  s h o c k e d ,  t o  a  t e m p e r a t u r e  i n  e x c e s s  ' 7 . jj
o f  3 5 0 0 ° K ,  w i t h  a n  i n e r t  g a s .  I t  w a s  t h o u g h t  t h a t  r a p i d  " ' k
e v a p o r a t i o n  o f  t h e  m a g n e s i u m  p a r t i c l e s  w o u l d  r e s u l t  s o .  3 \  ;
t h a t  r e a c t i o n  c o n d i t i o n s ,  w o u l d  a p p r o x i m a t e /  t o  t h o s e  i r i  f y f r *
- 259 -
a .  p r e m i x e d  f l a m e . H o w e v e r  M e l l o r  e t  a l . c o n c l u d e d  t h a t ,  . s A ; 
W i t h  t h i s  t e c h n i q u e , t h e  s o l i d  w h i c h  e v a p o r a t e s  i s  m o r e  • /  
l i k e l y  t o  b e  t h e  o x i d e  [ r a t h e r  t h a n  t h e  m e t a l  v / -  A \  7 A y .  ; [ ;[
A 6 - 4 .  C o m b u s t i o n  o f  M a g n e s i u m  R i b b o n s
H . - F .  S u l l i v a n  a n d  G l a s s m a n  ( C o m b . S c i .  a n d  T e c h . ; 4 ,  "  : . 7 .
2 4 1 ,  1 9 7 2 )  h a v e  s t u d i e d ,  p h o t o g r a p h i c a l l y  a n d  s p e c t r o s c o p i c a l l y ,  
t h e  f l a m e  s t r u c t u r e  o f  m a g n e s i u m ,  c a l c i u m  a n d  s t r o n t i u m  
r i b b o n s  b u r n i n g  i n  a r g o n / o x y g e n  a t  t o t a l  p r e s s u r e i s : j i r tA t i f e ;A [ f A - . l  
r a n g e  2 0 -  5 0 0  t o r r  .  T y p i c a l l y ,  a t  5 0  t o r r  t h e y  o b s e r v e d  a -  A7 * 
t w o - z o n e  s t r u c t u r e :  a n  i n n e r  z o n e  e x t e n d i n g  f r o m  t h e  
b u r n i n g  r i b b o n  t o  a b o u t  h a l f  t h e  d i a m e t e r  o f  t h e  l u m i n o u s  
e n v e l o p e  w h i c h  s u r r o u n d e d  t h e  r i b b o n ,  a n d  a n  o u t e r  z o n e  , A > -" 
c o n s  i s  t i n g  o f  t h e  r e m a i n d e r  o f  t h e  l u m i n o u s  e n v e l o p e .
R a d i a t i o n  f r o m  t h e  i n n e r  z o n e  c o n s i s t e d  o f  a  s p e c t r a l  7:;; - 7 [  
c o n t i n u u m , ,  t h e  m e t a l  r e s o n a n c e  1  i n e  w i t h  c e n t r e  r e s e r v e d  ■ 
a n d  o x i d e  b a n d s .  . ( A s  i n ,  t h e !  p r e s e n t  w o r k ,  i t  w a s  f o u n d  v .[  [ '  
t h a t  t h e  u n a n a l y s e d  b a n d s  o f  c a l c i u m  a n d  s t r o n t i u m  o x i d e s  A • 
w e r e  m o r e  e a s i l y  e x c i t e d  i n  t h e  f l a m e  t h a n  t h e , -  
s i n g l e t ,  s y s t e m s  o f  C a O  a n d  S r O ) . T h e  o u t e r  z o n e  r a d i a t i o n y A A  
w a s  p r e d o m i n a n t l y  a  c o n t i n u u m  e m i t t e d  b y  c o n d e n s  e d  o x i d e - 
p a r t i c l e s .  T h e  i n n e r  z o n e  w a s  o b v i o u s l y  t h e  r e a c t i o n  z o n e .
F . C . G o u l d i n  a n d  G l a s s m a n  ( 1 3 t h  S y m p o s i u m ,  I n t e r n a t i o n a l ,  
o n  C o m b u s t i o n ,  p . 8 4 7 1 9 7 1 ) { ' . r e p o r t e d  s p a c e - r e s o l v e d  . 7- ; /  '7;
o p t i c a l  t e m p e r a t u r e  m e a s u r e m e n t s  o n  t h e  f l a m e  s u r r o u n d i n g  
a  c a l c i u m  w i r e  b u r n i n g :  i n  o x y g e n / a r g o n  a t  1 0 0  t o r r .  T h e y  A-.: ‘"7 
a l s o  c o n c l u d e d  t h a t  t h e  r e a c t i o n  z o n e  b e g a n  c l o s e  t o  / 7 - ■ :;[  
t h e  w i r e .  T h e  m a x i m u m  t e m p e r a t u r e  o f  2 5 5 0  1 0 ° K o c c u r r e d
a t  a b o u t  h a l f  t h e  d i a m e t e r  o f  t h e  l u m i n o u s  e n v e l o p e ;  t h e  . 7;47
t e m p e r a t u r e  a t  t h e  e d g e  o f  t h e  e n v e l o p e  w a s  1 8 0 0 ° K ,
T h e s e  o b s e r v a t i o n s ,  - " t h a t  t h e  r e a c t i o n  z o n e  ; ; ;  *7- 
e x t e h d s  t o  t h e  s u r f a c e  o f  t h e  b u r n i n g  r i b b o n  -  c o n t r a d i c t  
t h e  a s s u m p t i o n  o f  a  c o l l a p s e d  r e a c t i o n  z o n e  i n  t h e  m o d e l  7. ■
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